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A bstract
Using the Experimental Storage Ring (ESR) coupled to the FRagment Separator (FRS) 
and SIS-UNILAC accelerators, it has been possible to observe new isomers in neutron- 
rich isotopes with proton numbers 12 < Z  < 77. W ith the ESR set-up in Schottky 
Mass Spectrometry (SMS) mode, observation of ‘well’ cooled ions with lifetimes greater 
than 1 s is possible. Masses of the observed ion can be measured with a precision down 
to ~  1 0  keV. Projectile fragmentation of a 197Au beam on a 9Be target was used to 
create the nuclei of interest. The measured isomers ranged in energy from ~  100 keV to 
~  3.5 MeV with half-lifes ranging from ~  1 s to greater than 5 mins. Long-lived four- 
quasiparticle isomers populated in 184Hf and 186Hf confirm long-standing predictions of a 
region favouring the formation of high-energy long-lived isomers. Evidence for low-lying 
isomers in 188Ta and 192Re support the prediction of a region of shape transition from 
7 -soft prolate ground states to ‘well deformed’ oblate excited states.
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Chapter 1 
Introduction
Around 460 BC, the atom was first postulated by the Ancient Greek Philospher Democri­
tus. Democritus devised a thought experiment, where “If you break a piece of m atter in 
half, and then break it in half again, how many breaks will you have to make before you 
can break it no further?” [1]. Democritus thought there would be a point at which you 
could not break m atter any further, and he called the indivisible components of m atter 
‘atoms’. It took over 2000 years before Rutherford postulated the nucleus [2]. Rutherford 
built his ideas on experimental evidence measured by Geiger and Marsden. Combined 
with the discovery of radioactivity some years previously by Becquerel [3], and the isola­
tion of radium by Marie and Pierre Curie in 1898 [4], a new branch of science was born, 
‘nuclear physics’.
The subject quickly progressed with Soddy’s postulation of an isotope in 1911 [5] and 
isomers in 1917 [6 ]. In 1921 an isomer was discovered in 234Pa by Otto Hahn [7]. An 
isomer is a metastable state of a given nucleus, which is different from the ground state 
in structure and energy. Isomers are found in many different isotopes and exhibit a wide 
range of half-lives, from around a nanosecond to more than the age of the Universe (in 
180Ta [8 ]), and energies ranging from 7 eV in 229Th [9] to many MeV (e.g. 2446 keV 31 
yr isomer in 178Hf [10]). By pushing the frontiers of nuclear research there is a realisa­
tion that highly excited (> IMeV) isomers exist far from the line of stable nuclei, and 
creating broken-nucleon-pair configurations can confer extra stability [1 1 ] to a normally 
unstable system. Isomers are important probes into nuclear structure; the first examples 
of superdeformation in nuclei were isomeric states in 242Am [1 2 ]. Isomers are also im­
portant in astrophysical nucleo-synthesis [13, 14, 15], as they can be waiting points for 
astrophysical mechanisms such as the r and p processes.
Measuring isomers is usually performed by decay spectroscopy experiments. However,
1
if lifetimes of measured isomers become long, normal decay experiments cannot be per­
formed. Therefore, novel experiments have been used to measure isomers. A field that a 
has advanced rapidly since the discovery of the nucleus is that of nuclear mass measure­
ments. Using techniques employed in measuring the mass of ions with a storage ring, it 
is now possible to observe and measure single ion masses, with a precision of ~  10 keV. 
Einstein’s famous equation [16],
E  — me2 (1.1)
shows that mass is proportional/equivalent to energy. Therefore, isomers having an ex­
citation energy, are also different in mass to the ground state. It is possible therefore 
to measure isomeric states with mass measurement experimental techniques [17]. In the 
storage ring it is possible to observe and measure excitation energies with respect to the 
ground state of any populated isomer. The ability to measure and unambigously identify 
single ions in the storage ring allows the measurement of nuclei which would otherwise be 
inaccessible in more conventional experiments due to small production cross sections.
There have been predictions for a region of the nuclear chart which favours creation 
of high-energy long-lifetime isomers, due to the shape and shell structure of the nucleus. 
High-energy long-lived isomeric states generally form in deformed nuclei, where the ability 
to break pairs of nucleons and couple to high spin states allows exotic states to form. A 
region of the nuclear chart which shows well deformed prolate shapes is around the neutron 
rich Z = 72 (hafnium) isotopes [18] (Fig. 1.1). An example of a long-lived isomer in this 
region is the 31-yr 2.446-MeV state in 178Hf. Predicitions along the neutron-rich hafnium
184 185 186:j| ISTB
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Figure 1.1: The Figure shows neutron-rich isotopes around the Z =  72 region of the 
nuclear chart. The colours represent the ground state lifetime (either measured experi­
mentally or extrapolated theoretically) [19].
isotopic chain show the possibility of either an equally or longer-lived isomer than that 
in 178Hf in 188Hf [20, 21] (Fig. 1.2). The aim of this work was to measure long-lived 
isomers (U/2 > 1 s) along the hafnium isotopic chain, approaching the predicted ‘very’
long-lived isomer in 188Hf. The reaction used to populate isomers in this experiment was 
fragmentation of a 197Au beam at high energy (~500 A-MeV) on a 9Be target. However, 
due to cross section limitations with a 197Au beam it is not possible to measure 188 Hf in 
this reaction. The most neutron-rich hafnium isotope which can be accessed is 186Hf.
2.5
2
Î
S. 1.5
b
LU
h:
^  1
0.5
0
172 174 176 178 180 182 184 186 188 190
A (Z=72)
Figure 1.2: The figure shows calculated and experimental energies for 4-quasiparticle 
isomers along the hafnium isotopic chain. An ideal rigid-rotor energy is subtracted from 
the calculated/measured energy, to show how the quasi-particle state varies from the ideal 
state. Longer lifetimes are expected for lower energies. Of note is a second minimum at 
188Hf, predicting another ‘very’ long-lived isomer in the hafnium isotopic chain.
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Chapter 2
Theory
2.1 Independent Particle M odel
Since the discovery of the nucleus one hundred years ago there have been many experi­
ments designed to extract information about its structure, the results of which point over­
whelmingly to a shell structured system. This can be seen as analogous to the electronic 
structure of the atom observed in atomic physics. However these structures, although 
analogous, are entirely different. Whereas the governing force of atomic shell structure 
is the Coulomb interaction the nuclear shell structure is formed by inter-nuclear forces 
known as the nucleon-nucleon interaction. As well as governing shell structure of the 
nucleus this interaction has affects on many observable properties of the nucleus, such as 
neutron and proton separation energies, nuclear spin, level densities and nuclear size. As 
proton number (Z) and neutron number (N) change it is possible to observe alterations 
of these properties. These alterations point to the shell structure exhibiting closed shells 
or ‘magic numbers’ aX N , Z  = 2 ,8 ,20, 28,50,82 and 126. These magic numbers confer an 
added stability to the nucleus.
W ith knowledge of these magic numbers it should be possible to model a nuclear 
potential with the use of the time independent Schrôdinger equation (Eq. 2.1) to gain 
the correct shell gaps.
f - ^ V 2 +  y ( r ) )  $  =  (2 .1 )
where m  is the mass of the object, V(r)  is the potential, #  is the wave-function and E is 
the energy eigenvalue. Starting with a crude model for the nuclear potential such as the
4
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harmonic oscillator potential (Eq. 2.2) [22]
V(r)  =  -m uj2r 2 (2.2)
where u  is the harmonic frequency, r is the radius and m is the mass. It is possible to
gain energy levels and state degeneracy by solving the Schrôdinger equation for a three 
dimensional harmonic oscillator potential. The energy eigenvalues are given by;
spectively. n = (0 , 1 , 2 ,3 ,4 ,5 ,6 ..) and I is labelled by s,p, d, / ,  g, h, i... which correspond 
to number I =  (0,1, 2 , 3 ,4 ,5 ,6 ..) . However, this potential can only replicate the first 
three magic numbers 2 , 8 , 2 0  therefore a more realistic potential is needed so as to more 
accurately represent the structure of the nucleus. A better choice for the potential is a 
Woods-Saxon potential [23] (Eq. 2.4)
the nucleus (Fig. 2 .1 ). The Woods-Saxon potential does much better at fitting a shell
for the closed shells. This can be done by including a spin-orbit force in the potential 
placed into the Schrôdinger equation. This is analogous to spin-orbit coupling in atomic 
physics. In nuclei, the Coulomb interaction is not the contributing interaction, but the 
nucleon-nucleon is the overriding interaction. By expressing this as a potential with a 
coupling term we can gain the equation [24];
(2.3)
where n  and I are the principal and orbital angular momentum quantum numbers re-
(2.4)
where r is the radius from the centre of the nucleus, Vq is the depth of the well, R  is the 
value when the Vq drops by a factor of two and a is the skin depth of the radial edge of
structure to the nucleus, but still this potential cannot replicate the magic numbers past 
20. More alterations are needed to the potential so as to obtain a better theoretical result
(2.5)
where I and s are the orbital and intrinsic spin angular momentum terms, V (r) is a realistic 
nuclear potential like the Woods-Saxon potential and Vis(r) is a constant that dictates 
the strength of the coupling. The I s term is the main contributor to the reordering of
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R r
-V0 / (1+e)
-Vn / 2
>
Figure 2.1: A one-dimensional representation of the Woods-Saxon potential from the 
centre to the edge of the nucleus
the energy levels in the Woods-Saxon potential. Where i s is expressed as [25];
l-s =  i ( j 2 - 12 -  S2) (2.6)
and j is the sum of the orbital angular momentum vector 1 and intrinsic spin angular 
momentum vector s. It is hence possible to gain the expectation value for the coupling of 
the vectors
(l-s) =  -  [j(j +  1) — 1(1 +  1) — s(s +  l)]h2• (2.7)
This expectation value raises some interesting consequences. When the “spin up” vector 
(+ 1 / 2 ) couples with the orbital angular momentum an expectation value of 1/2  is gained, 
whilst when the “spin down” vector (—1 / 2 ) is coupled with the orbital angular momentum 
an expectation value of — (Z +  l)/2 . It follows, that spin down coupled levels take higher 
energy levels than the spin up levels thus a splitting of the level occurs. In a non ls-coupled
2.1 Independent Particle Model 7
potential the degeneracy of the level is 2(21 +  1 ) so taking a Z =  2  shell the level should 
accept 10 nucleons. In this case, the spliting of the levels is the opposite to that for atomic 
electrons. However, with the ls-coupled system the degeneracy is (2j  +  1 ) so for an Z of 2 
the level can be a cZ| or a cZ| which can have degeneracies of 4 and 6  nucleons respectively, 
summing these degeneracies for the I = 2  states you gain the uncoupled degeneracy of 
10. The changing of the levels from the harmonic oscillator through to the ls-coupled 
Woods-Saxon potential can be seen in figure 2.2. W ith the addition of the spin-orbit 
coupling into the potential the model replicates the magic numbers correctly.
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Figure 2.2: The single particle levels for different potentials used in the Schrôdinger equa­
tion. Starting with the Harmonic Oscillator, going through the Woods-Saxon potential 
to the ls-coupled Woods-Saxon potential.
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2.2 Deformed Shell M odel
The independent particle model does a good job in replicating the shell structure for a 
spherical nucleus. However, far from the closed shells the model becomes less accurate. 
The single particle model assumes a spherical nucleus and away from the closed shells 
this no longer holds and the nucleus becomes a spheroid. By introducing a deformation 
to the spherical space it is possible to calculate a function for the radius of this deformed 
shape. Using spherical harmonics the radius can be calculated in terms of (0, (/>) [26],
R ( 0 ,  <l>) =  R Q l l  +  f 2 J 2  “ a/V am W )) (2.8)
V  A =2  pL— — A  J
where R q is the mean radius of the nucleus, À is the quantity defining the deformation 
shape and /i is a value that can be from —A to A in integer steps. For quadrupole defor­
mation A — 2 is used, and for axially symmetric functions, this calculation is independent 
of (j) giving
=  +  (2.9)
where /?2 is the deformation parameter. For < 0 this gives oblate shapes and /?2 > 0 
gives prolate shapes. The larger the magnitude of /?2 the larger the deformation of the 
nucleus. This deformation parameter is related to the ellipsoidal deformation, e2, by [27];
 ^= vf(ib+(N+ + • • •) (2 -10)
where
£ 2  =  5  +  i « 5 2  +  +  J ^ 4 . . .  ( 2 . U )
and
5 = - ^ .  (2.12)
By developing this model to include non-axially symmetric shapes a variable 7  can be 
defined that specifies the asymmetry of the system, giving;
a 2o =  A2COS7  (2.13)
o;2i =  <a2- i  — 0 (2.14)
a 22 = ol2-2  = (2.15)
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• &2±i — 0  because these coefficients moderate the motion of the centre of mass. As this 
movement is not involved in the shape of the nucleus it is set to zero. When 7  =  0° the 
nucleus has an axially symmetric prolate shape. Alternatively, when 7  =  60° the shape is 
an axially symmetric oblate shape. For all other values of 7  the nucleus has no defined 
axis of symmetry and is a triaxial shape.
Rotation Axis
Symmetry Axis
------------------------------
Figure 2.3: Diagram representing the quantum numbers involved with a rotating single 
particle in a deformed nuclei [28]
2.2.1 Nilsson model
The Nilsson model of the nucleus builds on top of the ideas of nuclear deformation. The 
ideas of Nilsson were first discussed in [29]. They are based around the simple harmonic 
oscillator potential in three dimensions;
V(r) =  j ( u , l x 2 +  u,*y +  oJy ) . (2.16)
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Assuming axial symmetry of the deformation, it follows that cvæ =  u y. By the addition 
of an 1 • 1 term to the single particle Hamiltonian, the shape of the potential is changed 
resulting in a flattening of the base of the simple harmonic oscillator potential. This more 
accurately mimics a realistic potential like the Woods-Saxon potential [30].
H  = + — \wx{x2 + y 2)-\r<jj2z2\ + C \ - \  + D \ - s  (2.17)
The results gained by the solution of the deformed Hamiltonian are very much dependent 
on the deformation parameters (Eq. 2.10, 2 .1 1  and 2 .1 2 ). Some calculations are shown 
in Fig. 2.4 for neutrons and Fig. 2.5 for protons.
W ith the Nilsson model the levels are labelled in a different way, as I and s are no 
longer classed as ‘good’ quantum numbers. The quantum numbers take the form of 
Q^lNrizA], where fl71" is the projection on the symmetry axis of the single particle total 
angular momentum, tt is the parity of the state, N  is the principal quantum number, n z 
is the number of nodes in the projection of the wavefunction along the symmetry axis and 
A is the single particle orbital angular momentum projection on to the symmetry axis 
(Fig. 1.3). The intrinsic spin of the Nilsson single particle state can be calculated by the 
equation;
=  A +  F
E =  ± i  2
The conserved quantities in this model are the parity ( t t )  and the projection of the single 
particle angular momentum of the symmetry axis (Û). As deformation increases other 
quantum number become ‘good’ quantum numbers and are conserved. These are the 
quantum numbers N ,nz and A. These quantum numbers are the so-called “Asymptotic 
Quantum Numbers” or AQNs.
2.2.2 M ulti-Quasiparticles and Pairing
As the single particle levels in the shell model are filled up, these nucleons start coupling 
with like particles so that the total angular momentum \ J\ = 0. This pairing increases 
the binding energy of the system and from this a lowering of the 0 + energy of the ground 
state in even-even nuclei can be observed [31]. This pairing affect can be seen to be 
analogous to the pairing of electrons in the conducting band of a superconductor. This 
theory known as ‘BCS’ theory, named after Bardeen, Cooper and Schrieffer [32], was later
(2.18)
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Figure 2.4: Nilsson diagrams for neutrons numbers 82 < N  < 126, with £4 = ^  [27].
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Figure 2.5: Nilsson diagrams for proton numbers 50 < N  <82,  with £4 =  y  [27].
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applied to the nucleus by Bohr, Mottelson and Pines [33].
Pairing allows pairs of nucleons to scatter between orbitals in the nucleus. However, the 
pairs in the lower nuclear orbitals will be blocked from scattering into the higher orbitals 
because of the Pauli exclusion principle. Pairs near/on the Fermi surface can freely scatter 
to orbits higher in energy. These pairs therefore leave holes in the lower orbital. Due to 
scattering the occupation of an orbit becomes probabilistic, where the chance of a single 
particle occupying a level is Vi and the chance of the level being unoccupied is Ui such that 
N | 2 +  I'Mil2 =  1. This probabilistic nature blurs the Fermi surface such that it is not a well 
defined energy, the Fermi energy can therefore be defined by the level in which occupation 
vf = |  or by N  = JT  vf. When a single particle is excited into a higher energy state, 
that particle then blocks the scattering of pairs into that level. This blocking lowers the 
strength of the pairing interaction in the nucleus and thus alters the energy, such that, 
the single particle becomes a quasiparticle. The energy of this state is given by [34],
Eqp =  y  (Esp -  E f )2 +  A2 (2.19)
where E sp is the single-particle energy of the Nilsson orbital, E f  is the Fermi energy and
A is defined as the pair gap measured in MeV and can be approximated by; [35]
A ^  (2.20)
or calculated over the sum of paired orbits [34]
A  = G ^ 2  uivi (2 .2 1 )
i i^sp
where isp is the blocked level and G is a constant that defines the strength of the pairing.
It is possible to break many pairs in an excitation leading to a configuration of multiple 
quasiparticles. These excitations are known as multi-quasi-particle excitations and can 
lead to systems with high angular momentum. The energy of these multi-quasiparticle 
(MQP) states can be seen as a linear combination of the separate single quasiparticle 
states
n
E nqp =  ^   ^E qpi ( 2 . 2 2 )
i
where n is the total number of quasiparticles. However, there is a residual interaction
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between the unpaired nucleons which alters the energy such that;
n
Enqp — ^   ^EqPi +  Eres. (2.23)
i
2.2.3 M QP Calculations 
Blocked BCS calculation
Using the BCS theory of superconductivity as a starting point, calculations can be per­
formed for MQP excitations. In the BCS approximation for nucleons, like nucleons pair 
together so that \J\ = 0. Scattering of pairs here can only take place around the Fermi 
surface; breaking these pairs by increasing the internal energy or angular momentum of 
the system beyond some critical threshold blocks the scattering of the pairs around the 
surface, thereby reducing the binding energy of the system. This blocking component is 
the main difference between the BCS theory and the blocked BCS theory. Therefore MQP 
excitations make the nucleus behave more like a rigid rotor as the pairing correlations are 
broken.
By treating the effects from the BCS pairing in the Hamiltonian of the system, the 
mean-held Nilsson model can be used with a perturbation as a model for the pairing 
effects. Far from the Fermi energy the occupation probability is likely to be close to 0 or 
1 as the energy required to break and lift the particle to a free level is going to be very 
large. When either the occupation or unoccupation (vi, drop to 0, the contribution to 
pair gap energy also goes to 0. This leaves the contribution to the pair gap energy coming 
mainly from levels around the Fermi surface. When a broken pair is excited into orbitals, 
those orbitals are then occupied and are therefore blocked and hence excluded from the 
pairing calculation. Eq. 2.21 is used to estimate the pair gap energy G. This G represents 
the interaction between the nucleons which make up the pair. This interaction is different 
for neutrons and protons, with Gv and G^ representing the neutron and proton pairing, 
respectively. Calculated deformation parameters for the quadrupole and hexadecapole 
deformations (62,64) with the Nilsson potential [36] give the single particle energy required 
for Eq. 2.19. Also required for the Nilsson potential are the proton and neutron numbers 
(N,Z) which identify the filled orbitals in the interaction. Then by normalising the pairing 
strengths {Gv,Gn) to fit to the experimentally measured levels in the region of interest, a 
value for the pair gap energy can be obtained for ground states and any MQP state.
Assuming that there is no interaction seen between protons and neutrons the final
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energy of the MQP state would be
Emqp = ' £ E l  + J 2 E Z  (2.24)
il/ Î7T
where and are the neutron and proton energies for state i respectively. However 
there are some residual interactions seen between the quasiparticles. This residual inter­
action, which favours parallel intrinsic-spin couplings of unlike nucleons and anti-parallel 
coupling of like nucleons [37, 38], attributes extra binding to the system which is in the 
region of a few hundred keV and reduces the energy of the of the MQP state.
Lipkin-Nogami Pairing
Nuclear systems are classed as many particle systems. These systems will have an n-body 
interaction. However, it is at the moment impossible to calculate such a system and so 
the independent particle wayefunctions are used. These however, have properties that 
violate conservation laws when treated in many particle systems [39]. For example, in the 
nuclear shell model the solutions do not conserve total linear momentum [40], in Nilsson 
wavefunctions total angular momentum is not conserved [29] and when treating pairing 
using the BCS approach the particle number is not conserved [32]. These conservation 
laws are broken because the wavefunctions are not good interpretations of the system. 
Conservation laws are generally derived from long-range correlations with many particles. 
It is these long-range correlations which are associated with ‘collective motion’. If there­
fore these correlations describe a collectively conserved property then this places large 
restrictions on the independent particle wavefunction. It is these restrictions that cause 
the need to violate these conservation laws [39].
In the BCS approach it is particle number which suffers from the violation of con­
servation laws. Here any change to the occupation of a state must have an effect on 
the other states in the system. However, these states are independent of each other and 
therefore particle number is not conserved. This can be overcome as discussed in [34], 
however this shows a lowering of the pairing energy eigenvalue. In the Lipkin-Nogami 
procedure, the spurious collapse of the pairing gap is removed, overcoming the problems 
in the blocked-BCS approach.
Considering a wavefunction that does not conserve particle number as a linear sum­
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mation of wave packets gives [39]
'ip = ^   ^a^jVo+n' (2.25)
n
where (pNo+ri is the wavefunction of a nucleus with N q + n  particles. A Hamiltonian can 
be defined for an arbitrary number of particles such that
=  (2.26)
where H f is a modified Hamiltonian and f (n )  is an arbitrary function. f (n )  must be 
chosen so that states with varying numbers of particles will lead to H r being made up of 
degenerate eigenfunctions. This enables the use of linear combinations. Using a Taylor 
series around 0 on H'  we have [39]
^ = \ H - 7 i f ( 0 ) - ^ f ( 0 ) / 2 - . . .  (2.27)
Nogami [41] took this Taylor approximation to find appropriate values for f (n )  suited 
to nuclei. For a large number of particles the linear part of equation 2.27 can be considered 
(this approach is appropriate for BCS theory of superconductors) [39]. However, in nuclei 
there may be very few particles outside closed shells and this can cause f (n )  to deviate
from the linear approximation. Using just the linear function with Lagrange multipliers
the results gained are around ~  500 keV off from the experimental ground states and 
around ~  200 keV off for excited states [42]. Nogami [41] uses the model;
H r = H  — Ai??- — À277/^  (2.28)
where
Ai(n)  =  —l/2Gr(Q +  l )
AsW =  -^G
where G is the coupling constant and j  + 1. These values give a ground state energy 
for a spherical nucleus of,
(2.29)
E0(n) — ——(7/i(2£2 — n  -H 2). (2.30)
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This is then extended to excited degenerate and non-degenerate states and deformed 
nuclei. For a non degenerate case \ 2 ^ \ G  and therefore cannot be used. A full description 
of these non-degenerate cases can be found in [41].
2.2.4 Collective M otion
Single-particle energies are well described by the shell model, leading to the ground states 
and parities of the nuclei close to closed shells being described well. However, moving away 
from the closed shells starts to cause a problem for the model; deformation sets in and
this causes collectivity in the nucleus. In a spherical nucleus, quantum mechanically it is
impossible to distinguish a collective rotation. The Nilsson model however, describes non- 
spherical motion very well for the single-particle states and permits collective motion. In 
a deformed nucleus which has axial symmetry, a perpendicular axis can be defined about 
which rotation can take place. By looking down the axis of symmetry a collective motion 
is impossible to distinguish, but perpendicular to this axis a distinguishable rotation can 
be imagined. A collective rotational vector is therefore defined by R  which is always 
perpendicular to the symmetry axis, and is given by the equation;
~R =  a / / ( /  + l ) - K 2 (2.31)
where I is the total angular momentum of the system and K is given by;
K  = Y ^ t t i  (2.32)
i
where is the projection of the angular momentum of a single unpaired particle onto 
the symmetry axis.
S trong ly  coupled  nuclei
A single particle that is unpaired by either being in an odd-even, odd-odd or broken-pair 
excited nucleus can couple its angular momentum j with that of the collective nucleus 
(Fig. 2.6). Strongly coupled nuclei (Fig. 2.6(a)) lead to large K  values, which can in 
turn lead to inhibited decays [20]. Here the single particle angular momentum is almost 
perpendicular to the collective rotation axis of the nucleus. This leads to a large projection 
of I on to the symmetry axis, and gives a large Q for the single particle which consequently 
means large K  values. A rotational band can be built on top of these K  values leading to
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a band structure like those in figure 2.7. The structure of these strongly coupled angular 
(a) (b)
Clb
Symmetry Axis
Figure 2.6: The figure shows the extremes of coupling single-particle angular momentum 
to the collective rotation of the nucleus, (a) shows the strongly-coupled regime which 
produces large K values whilst (b) shows a weakly-coupled regime where the single particle 
motion is almost in the same direction as the collective motion [28]
momenta follow I  =  /<, /< + 1, + 2, /<" +  3... The rotational energies of these can be
estimated by;
E = ~ l I (I + l ) - K 2} (2.33)
where is the moment of inertia. For the ground state of a deformed even-even nucleus
#  =  0 .
If the body of the nucleus behaved like a classical rigid rotor then the moment of 
inertia would be
3  =  . (2.34)
However the results gained by using the rigid rotor for such a value are typically around
three times the size of the measured values [20]. This apparent reduction in the moment 
of inertia has been said to be due to the fact that the rotating object behaves more like 
a superfluid [33] rather than a rigid body. Therefore by reducing the pairing effect the 
body tends to become more like a rigid body and Eq. 2.34 becomes more relevant in 
MQP states.
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Figure 2.7: A rotational band fitted on top of a AT 
quasiparticle state in 178Hf [20]
16 strongly-coupled multi-
W eakly  coupled  nuclei
In the previous section, strongly-coupled nuclei were discussed, where there was a value 
of f2 for the quasiparticle (Fig. 2.6a). However, reducing the value of 0  such tha t the 
quasiparticle motion becomes almost aligned with that of the collective motion (Fig. 2.6b) 
can produce some interesting effects. When the odd nucleon or unpaired particle moves 
in the field of the weakly deformed nucleus, Coriolis forces can provide large effects to 
rotational properties of that state. Weakly coupled nuclei which exhibit high-j and low- 
fi are particularly affected by these Coriolis forces. The Hamiltonian which governs a 
deformed nucleus is [43];
H  = Hp + j  [I{I +  1) -  K 2] +  .He +  ^ ^ 0  [(j2) -  ^ 2] (2.35)
where Hp is the Hamiltonian of the particle in the absence of rotation, is the moment 
of inertia of the rotation, Hc is the Coriolis Hamiltonian and is given by
H e  — - 2  [ I x jx  +  l y j y ]  ■ (2.36)
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For a rotational nucleus the matrix element for the Coriolis Hamiltonian can be written 
as;
</,n ± I\HC\I,fi) =  -  f y  [ ( / ^ K ) ( I ± K  +  l)]1^  ( n ±  (2.37)
where (Q ±  l|j± |D ) is calculated from Nilsson wavefunctions. However, when j  is a good 
quantum number the equation below is gained
(j, Q. ±  fi) =  [(j t  fi)(j ±  +  l)]1^ .  (2.38)
This Coriolis interaction between the rotation of the core and the weakly coupled particle 
tends to align the rotation of the particle to that of the rotating core. The spin of these 
newly aligned states goes as I  = j , j  +  2 , j  +  4,... [28]. Once aligned to the rotating core 
the particle will now tend to take some of or all of the angular momentum of the core, 
such that for a l/2~[550] state the total angular momentum is I  = 1 1 / 2 . Examples of 
weakly coupled nuclei can be seen when examining the dysprosium nuclei (A =  154,155). 
The extra unpaired particle in 155Dy tends to align with the rotating core of 154Dy such 
that the ground state level scheme for 154Dy is remarkably similar to a rotationally aligned 
j  = 13/2+ state in 155Dy at E* = 154 keV above the ground state [44].
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2.3 Accelerated Beam Reactions
Many different types of nuclear reactions can take place with accelerated beam facilities 
[45]. These are either in inverse kinematics (heavy beam on light target) or normal 
kinematics (light beam on heavy target). For beams which are energetically below the 
height of the Coulomb barrier of the target nucleus the reaction which occurs is either 
Rutherford scattering or an inelastic scattering process (Coulomb excitation or ‘Coulex’). 
In Coulex, angular and linear momentum and energy are passed to both the target and 
projectile nuclei, exciting the target and beam into higher energy states. However, once 
the beam energy is increased beyond that of the height of the Coulomb barrier, fusion of 
the beam and target start to become more likely. Fusion is mainly affected by the size of 
the impact parameter b (Fig. 2.8), where at small values of b the fusion reactions start to 
dominate over scattering processes which now occur at larger values of b. The fusion of 
nuclei in this way creates a compound nucleus which is high in angular momentum and 
temperature. This compound nucleus then evaporates particles such that thermodynamic 
equilibrium is obtained. The process is referred to as a fusion-evaporation reaction [46], 
and has provided access to many of the neutron-deficient/ proton-rich exotic nuclei which 
have been studied. However, for the study of many neutron-rich nuclei this process is 
infeasible. In the evaporation process charged particles like protons and a  particles have 
to cross the Coulomb barrier which inhibits their exit from the nucleus, leaving the only 
emission channel as a probabilistic tunnelling process through the Coulomb barrier. As 
charged particles are in general inhibited from this evaporation process, thermodynamic 
equilibrium is obtained by the compound nucleus emitting neutrons. Therefore, neutron- 
rich nuclei are difficult to reach with this reaction. Fusion reactions can however reach 
neutron-rich nuclei with a proton number up to Z ~  60. This is from reactions known 
as fusion-fission reactions [45, 46]. Here fusion takes place to form a heavy compound 
nucleus with A  > 200 where instead of evaporating excess particles, the newly created 
compound nucleus fissions into smaller daughter products, populating many neutron-rich 
isotopes.
Looking at beams with similar energetics as those for fusion reactions but increasing 
the impact parameter such that the reaction occurs on the edge of the target nucleus, 
many types of peripheral reactions occur. These peripheral reactions can be classed as 
direct reaction (transfer and knockout) [47] or deep inelastic collisions (DIG) [46]. In 
these reactions much energy, mass and angular momentum can be transferred between 
the projectile and target nuclei. The energy for these reactions is in general just a few
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percent above the Coulomb barrier. This allows transfer of a few nucleons between the 
target and projectile. The newly created nuclei are then referred to as either target-like 
or projectile-like objects as they differ by only a few nucleons from one of the original 
nuclei. By using stable targets and projectiles it is possible via DIG to reach neutron-rich 
isotopes. Increasing the beam energy further to many A-MeV means fusion and DIG 
reactions tend to die away and are replaced by fragmentation reactions [45, 46, 48]; this 
techniques was the process utilised in this thesis. Using fragmentation it is possible to 
reach highly neutron-rich regions of the nuclear chart with large amounts of energy and 
angular momentum placed into the nuclear system. This process is discussed next in more 
detail in this section.
2.3.1 Fragmentation Reactions
Fragmentation reactions offer a real chance to access the exotic neutron-rich region of the 
nuclear chart. A model for said reactions is the abrasion-ablation process. This model is 
comprised of two phases, a shearing stage (abrasion) and an evaporation stage (ablation). 
The post-reaction product of such a process depends largely on the impact parameter of 
the reaction. The impact parameter defines an overlap between the target and projectile 
radii where the reaction will take place. This ‘participator zone’ is where the nucleons 
from the target and projectile nuclei interact. During the interaction between the target 
and projectile the participator zone forms a fireball of removed nucleons [49], leaving the 
‘non-participator’ or ‘spectator’ zones relatively undisturbed by the process. These ‘pre­
fragments’ continue with velocities approximately the same as the velocities prior to the 
reaction. Changing the references frames for projectile and target fragmentation shows 
that the physics of both processes is identical [50]. The abrasion phase defines the number 
of nucleons removed in the reaction. The cross section for the pre-fragment is thus given 
by [50];
(Zp\ (Np\
«  2 ') =  (2.39)
where Zp, Np and Ap are the proton, neutron and nucleon numbers of the projectile, z,n 
and a are the number of protons, neutrons and nucleons removed in the abrasion phase 
of the reaction. The quantities (^p) , (^p) and (^p) are binominal distributions
The abrasion phase is the first process where the pre-fragment is created. This pre­
fragment subsequently evaporates excess nucleons to leave the final product. At this 
evaporation stage the pre-fragment can be classed as an ensemble of nucleons which is
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Figure 2.8: Shown is a graphical representation of the relationship between impact pa­
rameter (6) and reaction type for low energy collisions (top) and high energy projectile 
fragmentation reactions (bottom).
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defined by the variables Az, I' and E' which are the nucleon number, neutron excess 
(N' — Z') and excitation energy respectively. The evaporation process works as a step- 
by-step process emitting neutrons', protons and a particles in a chain. Deduced from the 
intrinsic spins, the statistical weights for the emissions are | , |  and |  for the neutron, 
proton and alpha particle respectively. Given this the mean number of nucleons emitted 
in a step are [50];
" = {A) = (rO + G '^ G ’4)' (2 -40)
The evaporation chain stops when the pre-fragment has emitted enough nucleons so that 
the remaining energy of the residual nucleus is below that of the separation energy for a 
single nucleon in that residual (Figure 2.9). To gain the most neutron-rich isotopes from
Pre-fragm ent
Nucleon separation energy
W cleon evaporation
yemissia
yrast line
Angular momentum
Figure 2.9: Diagram showning the evaporation phase of a fragmentation reaction. The 
pre-fragment will radiate particles losing energy until its excitation energy is below that of 
the particle separation energy, whence it will decay to its ground state via 7  ray emission.
the fragmentation process, the proton-only abrasion channel must be considered. For this 
channel the cross section for creation of the neutron-rich isotopes can be calculated using
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[51]; pSn
a(Np, Zp — z) = (Tabrasion(Np, Zp ~ z )  f ( z ,  E*)dE  (2.41)
Jo
where f ( z ,E*)  is the excitation energy (E*) distribution produced when z holes are 
made in the Fermi-distribution of nucleons and Sn is the neutron separation energy [50]. 
For any neutron-rich channel a general cross section equation can be found, with the 
assumption that only neutrons are evaporated from the pre-fragment. This assumption 
seems reasonable, as with fusion-evaporation, the protons and a  particles must penetrate 
the Coulomb barrier whilst neutrons do not see this barrier and therefore can be emitted 
from the nucleus with a higher probability [51]. Therefore
0"(Ap — n, Zp — z) =  ^VgbrasioniNp — i, Zp — z) J  f  (z + i, E*)dE^  (2.42)
with Ei  and E 2 given as functions of the neutron separation energy;
E 1 = i  Sn(Np -  i -  j  -  1, Zp -  z) K  for n — i > l  (2 43)
[ 0  for n — i = 0
n —i + l
E 2 =  'y ] Sn(Np — i — j  — 1, Zp — z) + K  (2.44)
where i and j  are the number of neutrons removed during the abrasion process and 
the evaporation process respectively and K  is the mean kinetic energy. The excitation 
energy given to the pre-fragment can be estimated by the number of nucleons which have 
been removed from the original projectile in the abrasion process. The mean excitation 
energy given to the pre-fragment is thought to be ~  27 MeV per nucleon removed [52]. 
These processes, combined with experimental techniques for the A  and Z  identification of 
projectile-like fragments, enable the nuclear chart to be explored well into the neutron-rich 
regions.
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2.4 Nuclear decay
There are many ways in which a nucleus can decay; the decay can be to a different 
element in the case of a  and (3 decay, or an internal decay with transitions from one state 
to another in case of j  decay and internal conversion. On top of these main processes 
there is also proton and neutron emission. This happens around the nuclear drip lines 
where there is a large an excess of protons or neutrons or at high excitation energy so 
that the energy is greater than the nucleon separation energy. Also, there is spontaneous 
fission, in which a heavy nucleus with a large excess of neutrons splits into two separate 
daughters of approximately equal size (i.e. similar proton (Z) and neutron (N) numbers). 
This thesis is mainly concerned with /?, 7  decays and internal conversion, which will be 
discussed later.
Nuclear decay follows an exponential decay law, where the original number of nuclei 
(N0) of a particular nucleus or state decreases over time characterised by the nuclear 
decay constant À.
]V(Z) =  # o e -^  (2.45)
where N(t)  is the number of remaining nuclei after a time t. The mean lifetime of the 
state/nucleus is given by the inverse of the decay constant from which a half-life can be
defined as the time in which half the number nuclei have decayed away in the process, as
given by
ln2
£1/2 =  - 7—  - r ln 2 (2.46)
A
where r  is the mean lifetime and t i / 2 is the half-life.
When a decay process takes place there is an energy release. In the case of 7  decay 
the energy is in the form of a high energy photon, and comes from the transition of the 
nucleus from an excited nuclear to a less excited state. By conservation of energy there 
is a requirement for a release of energy. Similarly, with internal conversion the energy is 
from a state transition. However the energy is passed to an atomic electron via a virtual 
photon rather than released in the form of a 7  ray. In all decay processes the energy comes 
from the difference of mass in the initial and final products, which relates to energy by 
Einstein’s famous equation (Eq.1.1). Prom this, an amount of energy released in the decay 
can be calculated, defined by the Q value and given by the equation;
Q =  (ma +  mb- m c -  md)c2 (2.47)
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where m a^ and m c^  are the masses of the parent and daughter nuclei respectively. The 
equation can be tailored to the specific reaction, with fewer or more masses added into 
the equation to suit the decay process.
2.4.1 Electrom agnetic Decay
7  radiation is produced when a nucleus in some excited state decays to a less energetic 
state. 7  decays can tell us much about the internal structure of the nucleus, for instance 
the nuclear shape and shell evolution, by looking at the energy, spin, and parity of the 
levels and transition lifetime.
The energy of a state can be determined by building a level scheme from the ground 
state or an isomeric state. By measuring the energy of an emitted 7  ray it is possible to 
measure the difference in energy between states,
Ey =  Ei — E f  (2.48)
where E j  is the energy of the emitted 7  ray, Ei is the energy of the initial state and E f  
is the energy of the final state. In the transition from Ei to E f  there will be a possible 
change in the angular momentum I  and parity tt of the original state. In internal decay 
there are two types of transition; magnetic and electric transitions. These transitions can 
take the form of a multipole transition and in this way angular momentum can be carried 
away from the decaying nucleus. For electric transitions the multipolarity can take the 
forms of monopole (EO), dipole (El),  quadrupole (E2) etc. or generally (EL)  where L 
is the angular momentum carried away from the system. The EO transitions here are 
always internal conversion transitions, as it is required that photons always change an 
integer number of angular momentum. This is similar for magnetic transitions, however, 
no magnetic monopole transitions (MO) are observed as these do not exist in nature, 
therefore we have magnetic dipoles (M l), magnetic quadrupoles (M2) etc. to M L  where 
similarly L  is the angular momentum carried away from the system. These transition 
types abide by a set of selection rules, which depends on the angular momentum (7) and 
parity ( t t )  of the initial and final states.
The angular momentum selection rule is given by:
\Ii — I f  \ < L < li I f (2.49)
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, and the parity selection rule is given by
A7r(EL) =  ( -1 )L 
A v (M L )  = ( - 1 ) L+1.
(2.50)
Generally the lowest possible multipolarity will dominate over higher multipole transi­
tions. This can be seen from estimates of transition rates from the initial to final states
and hence the transition half-life can be calculated. Lower multipole transitions tend to
where B(EL)  j  and B{ML)  j  are the electric and magnetic nuclear reduced transition 
probabilties. Knowing the reduced transition probability gives us direct access to the 
nuclear wavefunction. The transition half-lives can be estimated using the Weisskopf 
equations for single particle transitions [27]. The Weisskopf equations only give naive, 
unrealsitic estimates for transition rates. However, they provide a useful reference for the 
lifetime of a state. For electric transitions;
have a shorter lifetime and therefore the state will decay before the higher multi-polarities 
have a chance of being emitted. Rates for the decay are derived from the explicit form of 
the transition equations;
For electric transitions;
(2.51)
and for magnetic transitions;
(2.52)
ti/Q.i'y) (EL)sp — ln2-L[(2L + l)\\]2h(2 L +  l ) e W 6 (2.53)
and for magnetic transitions;
ln2 ■ L[(2L +  l)!!]2ft
80(L +
(2.54)
By setting R  = R qA 1i?j some simplified equations are derived for the lower multipolarity
transitions, these are not corrected for internal conversion.
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Figure 2.10: Shows the radiative processes from an internal decay of the nucleus, 7  
radiation or internal conversion.
For electric transitions [27];
, 6 -76x10-6
2 A 2/ 3£ ^  S
, 9.52 x 106*1/2^ 2 ) =  Ai/3E5 s
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and for magnetic transitions [27];
2.20 x 10-5
(2.56)
w m  =  b
t 1/ 2 (M4) =  g :-1^ 032 B.
Where is measured in keV. EO transitions are not included in the above equations. 
This is because an EO transition cannot proceed by 7  emission as 7  rays have to carry 
away at least 1 unit of angular momentum with them. This transition can only be 
allowed by internal conversion, which is discussed later, or an internal pair formation 
when Ery > 1 .0 2 2  MeV.
2.4.2 Internal Conversion
A competing process for 7  decay is that of internal conversion. When an excited state 
of a nucleus decays it can either decay via 7  ray emission or by the emission of an 
atomic electron (conversion electron). Here the atomic electron interacts with the decaying 
nucleus and gains energy via absorption of a virtual photon. Measuring the kinetic energy 
Te of the emitted electron can give information about the energy of the decay transition 
^ tr a n s  via,
— E trans — B atom (2.57)
where B atom is the atomic binding energy of the electron. Emission of electrons can 
come from any atomic shell state, with varying probabilities. However, the probability 
of emission goes to zero if B atom is greater than Etrans. The transition probability of a
nuclear state is the sum of the internal conversion and 7  decay transition probabilities,
À71 =  A/y T Xjc (2.58)
where À7 and Xjc are the 7  and internal conversion transition probabilities. The conver­
sion coeffiecient is defined by;
a  =  ^ 2  (2.59)
/\/y
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The transition probability A/c is made up of the transition probabilities of the different 
atomic shells. This gives the total conversion coefficient as a sum of the coefficients from 
the differing atomic orbitals.
&tot — aK +  +  ••• (2.60)
where the subscripts K, L , M . .. define the atomic shell with quantum numbers n =
0 , 1 , 2 -----  As with 7  decay we can gain estimates for the internal conversion coefficient
for the different transition types [53].
For electric transitions;
“<ei> “ 5 (itï) (sEk)1 (ED™" im>
and for magnetic;
“<mi> “ 5 (Es)‘ (E)"'1 (M2>
where Z is the proton number, n  is the atomic quantum number of the exiting electron, 
and L  is the multipolarity of the transition. Figure 2.11 shows the evolution of the internal 
conversion coefficient (a) with energy, transition type and multipolarity. The values were 
calculated using the BrICC modeller from ANU [54]. The sudden dip at ~  65 keV is 
accounted for by the K  Shell binding energy. On the conversion of an electron via a 
nuclear state decay a hole/vacancy is left behind in the atomic shell. This is then filled 
very rapidly by an electron from a higher shell producing a real or virtual X ray. The 
real X ray can then be seen in spectroscopy experiments. The production of a virtual 
X ray is seen by the emission of an Auger electron (Figure 2.10). The production of an 
Auger electron, known as an Auger transition, and is the analogous process of internal 
conversion for atomic physics.
As the total transition probability is from both 7  and internal-conversion decays, if one 
of these processes is removed then the total transition probability becomes smaller. By 
removing atomic electrons the internal conversion process can be hindered, reducing the 
chance of a internal conversion event occurring. The probability will continue decreasing 
as more and more electrons are removed until the process is completely forbidden when 
all the electrons are removed leaving the bare nucleus.
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Figure 2 .11 : Shows how the internal conversion coefficient changes with energy and tran­
sition type, for a hafnium atom.
2.4 .3  f3 D ecay
6 decay is a way in which the nucleus naturally increases the binding energy of an unsta­
ble nuclear system such that it eventually reaches a maximum for a given mass number 
A  and thus becomes stable. The increase in binding energy comes from the changing of 
either a proton into a neutron or a neutron into a proton. This change, alters the nuclear 
species, whilst conserving the nucleon number (A). The decay can occur via different 
reaction processes, (3~ decay (neutron into proton), /3+ decay, electron capture (proton 
into neutron), bound-state (3 decay [55] and free electron capture.
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p n + e+ + i' j3+ decay (2.63)
p + —> n + v e~ capture (2.64)
n  —> p +  e~ +  z/ /3~ decay (2.65)
n p +  P bound-state (3~ decay (highly ionised ions [55]) (2.66)
p +  e~ —> n +  z/ free e_ capture (stellar environments) (2.67)
These processes do not only change the nucleon they also produce reaction products, in 
the form of /? particles and (anti) neutrinos. Depending on the process the (3 particle is 
a bound electron (e^), a free electron (e~) or positron (e+), these are produced in the 
reaction so as to conserve charge. (Note: in electron capture no (3 particle is produced 
as the captured electron provides charge conservation). Also process dependent is the 
production of a neutrino, in /?+ decay and e~-capture a neutrino is produced and in (3~ 
decay an anti-neutrino is produced. These are required to conserve lepton number within 
the reaction.
The energy released in the reaction is given by the Q value equation (Eq. 2.47). Here 
the masses of the ground states of the parent and daughter nucleus are used as well as 
the mass of the (3 particle produced (me- , m e+ = 511 keV). In many cases however, the 
/3-decay does not automatically proceed from ground state to ground state but rather 
goes to some excited state of the daughter nucleus. The Q-value for such a reaction is 
given by;
Qex Qground -^ex (2 .68)
where Qex is the Q value for the reaction, Qground is the Q value for ground state to 
ground state and E ex is the energy of the excited state. It is also possible however, that 
the /3-decay does not always occur from the ground state of a nucleus but rather that of 
an excited isomeric state. The energy release in such a reaction is therefore not that of 
the Q value between the parent and daughter ground states but rather from the energy of 
the excited state in the parent to that of the ground state or excited state in the daughter 
and is given by the equation:
Qex +  Qground Eex (2.69)
where EiSO is the energy of the excited isomeric state.
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To gain a handle on the speed of a /? decay process, it is possible to look at ‘Fermi’s 
golden rule’ which allows transition rates to be calculated between states [56].
O'tt
\  = 1 r\Vfi \2p{E! ) (2.70)
where \Vfi\2 is the transition amplitude from the initial to final states via the interaction 
V, and p(Ef)  is the density of states at the final state. From this it is possible to derive 
the following equation which calculates the ‘comparative half-life’[25]
O-tt3 ??7
A / 2 =  (2;71)
where /  is the Fermi integral values of which can be looked up in tables. This relates 
proton number to the Q value of the decay, p is a constant that is governed by the 
interaction used in the decay process and \Mfi\ is the nuclear transition matrix element 
that relates to the final and initial states of the decaying nucleus.
Transitions between the initial and final states in (3 decay are governed by sets of 
selection rules. These selection rules are based upon two quantities which need to be 
conserved, those being conservation of angular momentum and parity. The products 
produced in a /?-decay process which can carry these two quantities away from the nuclear 
system are that of the (3 particle and the neutrino. Both of these decay products have 
intrinsic spin of s =  This leads therefore, to a change to the system of either A S' =  0 
if the intrinsic spins of the two decay products are aligned anti-parallel or A S =  1 if 
the intrinsic spins are aligned parallel. Two transition types can occur during a /?-decay 
process these are either a “Fermi” (F) or “Gamow-Teller” (GT). For “allowed” (3 decay 
transitions the orbital angular momentum I of the /3-particle and neutrino is zero. For 
“Fermi” transitions this restriction on the orbital angular momentum means A / =  \Ii — 
/ / |  =  0. For these transitions the intrinsic spins of the /3-particle and neutrino are anti­
parallel. However, for GT transitions A7 =  0,1 which relates to the intrinsic spins of the 
/3-particle and neutrino as being parallel. With allowed transitions there is no change in 
orbital angular momentum, which places a restriction on the change in parity such tha t Att 
=  no. However, there is in many cases a requirement that a change in angular momentum 
other than 0 or 1 occurs. These transitions are classed as “forbidden” transitions. In these 
cases the (3 particle and neutrino are allowed to gain different values of orbital angular 
momentum. Although these decays are classed as forbidden transitions in reality these 
are just “hindered” decays. As the (3 particle and neutrino are given higher values of
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orbital angular momentum so the decay time increases (decay becomes more hindered). 
In the case where the j3 particle and neutrino are given I = 1 this is known as a “first 
forbidden” transition, such that F-transitions allow A / =  0,1 and GT-transitions allow 
A / =  0,1,2. However, as orbital angular momentum is given to the electron this places 
a requirement that a change in parity occurs ( A t t  =  yes). As more angular momentum 
is given to the /2-particle and neutrino the transitions are known as “second forbidden 
{I =  2 )” , “third forbidden (I =  3)” , e tc ... Where, odd I means a change of parity occurs.
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2.5 Isomers
Isomers are nuclear states that live much longer than is typically found for the lifetime of 
a nuclear state. These states can decay by all the means that a ground state or another 
excited state can decay by. However, in general they prefer to decay by 7  (and IC) or 
decays (with a few notable exceptions). An isomer is characterised generally to be an 
excited state which has a life-time of r  > 1 ns. Isomers are caused due to the structure 
of the nucleus providing some additional stability to an excited state.
2.5.1 Shape Isomers
Shape isomerism is a result of the nucleus having two potential minima (Fig. 2 .1 2 ) for 
states with different shapes. As the nucleus becomes excited it can change its shape 
causing a potential minima that results in the formation of a potential barrier. It is this 
potential barrier which confers the extra stability to the state. By requiring the state to 
decay by tunnelling through the barrier, the transition probability is reduced. The decay 
methods for this type of nucleus are generally spontaneous fission and 7  decay, which 
can compete against each other. These nuclei tend to be in elements with Z  > 90. An 
example of this is the 2.2-MeV isomer in 242Am which has a £i/ 2 of 14 ms [57].
2.5.2 Spin Trap Isomers
Spin trap isomers arise from a structure effect that causes an excited state to have a large 
difference in angular momentum from that of the state which it decays into. This therefore 
decreases the transition rates (Eq. 2.53,2.54) for EM decay as a large multipolarity photon 
must be emitted from the nucleus. These types of isomers can produce very long living 
isomeric states, for example the isomer in 180Ta which has a Ti/ 2 > 1015 yrs. This is due 
to the multipolarity of the photon emitted being L = 8 . Such high multipolarity arises 
from the isomer decaying from a /  =  9 state to the ground state 7 = 1  with an excitation 
energy of E* = 77 keV [58]. This isomer has never been observed to decay and is the only 
naturally occurring isomeric state.
2.5.3 K Isomers
As discussed earlier quadrupole deformed nuclei can take on three shapes: prolate, oblate 
and triaxial, the first two of which have an axis of symmetry. It is this axis of symmetry
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Figure 2.12: The figure shows the potential energy of a shape isomer due to deformation 
[58]. The ground state of the isotope in the first deepest minimum, and the isomer in the 
higher potential larger deformation minimum.
which causes these isomers. K  isomers occur mainly in prolate shapes. In these shapes 
for a particular N  and Z  values, it is possible to generate large amounts of angular 
momentum by breaking pairs to produce quasiparticles. It is the angular momentum 
orientation which causes the isomerism in these deformed nuclei, by rotating such that 
the projection of the angular momentum is aligned along the symmetry axis gives the 
quasiparticles the quantum number fb In axially symmetric deformed nuclei, the K  
quantum number is a conserved quantity, and is defined by the total angular momentum 
of the nucleus projected onto the symmetry axis, i.e. K  equals the sum of the fi values 
from the individual quasiparticles. Prolate shapes can produce states with high K values 
which are very ‘yrastk The state should decay by a photon with multipolarity that obeys 
the selection rules;
=  AÆ < T (2.72)
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the decay of the state is thus forbidden if L  is less than the change in K  value, where L  
is the multipolarity of the photon released in the decay.
The K  quantum number is not a completely ‘good’ quantum number and the conser­
vation can be violated. This is due to K  mixing. There are three types of mixing affects; 
Coriolis affects, 7 -deformations and level density affects. The Coriolis mixing is caused 
by the rotating core causing a Coriolis force to be seen by the orbiting quasiparticle. It 
is this Coriolis force which tries to align the two angular momenta. This affect is gen­
erally large for low-Q high-j orbitals which are not generally associated with K  isomers 
(Sec. 2.2.4). However this affect, although small for high f2 orbits, is significant enough 
to have an effect on the purity of the quantum number, and thus affect the transition 
rate. 7 -deformation can also cause alterations to the purity of the K  quantum number. 
If the excited state is in a well deformed prolate shape, and also the ground state is in 
a well deformed prolate shape it is possible that there is a barrier preventing the decay 
due to the change in K  required (similar to Fig. 2.12). However, at least in some cases, 
if a decay path can be found which goes via some triaxial shape. Also, for non axially 
symmetric shapes no axis can be defined and hence K  cannot be defined. K  is no longer 
a ‘good’ quantum number and the purity of the number is thus compromised, causing the 
transition rate from the state to be less inhibited. Finally, there is a level density affect; 
With high level density it is possible that states with the same angular momentum and 
parity but different K  can statistically mix with each other, such that the state is not a 
pure state rather an admixture of similar states around it. For example, a state could 
be defined to have dominantly K  = 13,1 = 13 configuration, but might be mixed with 
a A  =  2, /  =  13 configuration, such that the state is no longer pure. The transition can 
then proceed through the K  = 2 configuration of the state. This level mixing thus can 
affect the transitions from a excited state.
The transitions which are affected by if-mixing are known as JT-forbidden transitions 
which, rather than follow the K  selection rule, have a ‘degree of forbiddeness’. Although 
these transitions have mixing, the K  quantum number still confers extra stability to the 
system. The amount of transition  rate inhibition is given by the reduced hindrance [20] :
1
(2 73)fu =
T 71 l / 2
rp W
1 / 2
where T 7,2 and T y 2 are the experimental and Weisskopf estimate values for partial half-life
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respectively, v is given by
v = A K - L  (2.74)
Typical values for the reduced hindrance are ~  100. However, there are instances where 
this can be as high as many hundreds or, as low as 2 .
2.5.4 Hindrances in /?-decay
By the breaking of pairs, additional angular momentum is given to the nuclear system. 
Breaking of pairs, as discussed in the previous sections gives angular momentum a di­
rectional property K.  decay changes neutrons into protons, or, protons into neutrons, 
thus increasing the binding energy of the system until it reaches a maximum at a stable 
isotope. However, (3 decay follows selection rules (section 2.4.3) which require that only 
small changes of angular momenta are made for the decay to occur.
As a consequence of nuclear deformation the normal quantum numbers used to describe 
the spherical nuclear system are replaced with the Nilsson parameters or ‘Asymptotic 
Quantum Numbers’ (AQNs) (section 2 .2 .1 ). This changing of quantum numbers has 
an affect on the way selection rules occur in a /3-decay reaction. Only at very large 
deformations the quantum numbers N , n z,A  are seen as good quantum numbers, and it 
is the quantum number Q which really governs the deformed system and the /3-decay 
selection rules of the deformed nucleus. As with normal non-deformed /3 decay, that 
change is by either Fermi or Gammow-Teller transitions. The /3 decay of an axially 
symmetric deformed nucleus can decay via transitions where for ‘allowed decays’ AQ = 0 
only are Fermi transitions and AQ  =  0,1 are Gamow-Teller transitions. However, the 
quantum numbers nz,A do play a role in the decay of the system. Here these numbers do 
not serve as numbers which forbid the decay. Rather these numbers apply a hindrance to 
the normal decay of the nucleus [59]. This hindrance to the decay creates ‘sub-selection 
rules’ where for instance there are ‘allowed unhindered’ and ‘allowed hindered’ decays. 
‘Allowed unhindered decays’ allow the changing of Q by changing the quantum number 
TV by 0  or 1 , whereas for ‘Allowed hindered decays’ there are changes to either nz or 
A. These selection rules apply also to the first,second, e tc ... forbidden decays. Table 2.1 
shows some selection rules for the deformed quantum numbers [5 9 ].
It is these selection rules which can bring about hindrances to the decay of a neutron- 
rich nucleus via /3 decay. By breaking pairs in the nucleus large amounts of angular 
momenta are placed into the system. This means that the /3-decay process must go to 
similarly large angular momentum states in the daughter nucleus. Therefore, for this
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Table 2.1: The table shows the allowed and first forbidden selection rules for a [3 decay.
Transition Type Af} A N A u, AA A tt
Allowed 0 0 0 0 no
± 1 0 0 0 no
First forbidden 0 dzl 0 i l yes
0 ± 1 ± 1 0 yes
± 1 ± 1 0 i l yes
± 1 ± 1 i l 0 yes
± 2 ± 1 0 i l yes
decay to be allowed a requirement is placed on the state in the daughter nucleus which 
the decaying state can transition to. This in general means that the daughter nucleus 
must have a state which shows similar broken pair configurations to the parent nucleus, 
depending on the energies of the two excited states (parent and daughter). This can 
mean that similar configurations in the daughter and parent can be at a similar energy, 
with respect to the daughter ground state. It is this restriction on the populated state 
which can hinder the decay of the state. It could be possible to think that the decaying 
state would simply transition to high spin states of a rotational band that is energetically 
favourable. According to the normal /?-decay selection rules this would seem a reasonable 
assumption. However, as the /?-decay selection rules change for a deformed nucleus it 
adds restrictions to the daughter state, such that the ‘AQNs’ must be similar and thus 
forbids decay to the rotational band structures.
Chapter 3 
Experim ental Setup
To reach isomers in heavy neutron-rich isotopes far from the line of stability, methods 
such as fission or fusion evaporation reactions are limited, as cross sections for neutron- 
rich nuclei decrease rapidly once the limit of stability has been left. Therefore the use 
of projectile fragmentation provides a convenient tool to reach the isotopes which are 
otherwise unavailable by the more conventional reactions. The ability with fragmenta­
tion to identify projectile-like reaction products on an ion-by-ion basis is available, thus 
enabling ion selection in experiments (this ability is also available with other reactions). 
This is largely due to their being almost completely fully stripped of electrons. Projectile 
fragmentation in combination with in-flight fragment separation has enabled microsecond 
isomers to be found some distance from the line of stability [60, 61]. Detection of the cre­
ated isomers is somewhat of a challenge. Conventional means for isomer detection utilise 
measurements of the emitted 7  rays. The use of 7  rays, however, is limited to the cross 
section and half-life of the state. For confident detection by this means many isomers need 
to be produced and must decay within a short time (< I s) ,  so that a clear transition peak 
can be seen. The use of a storage ring can be implemented such that isomers with much 
smaller cross sections can be observed and excitation energies measured, even if no decay 
is seen to occur. Use of this can then complement the more conventional 7  ray observa­
tion experiments. In this experiment the FRagment separator (FRS) and experimental 
storage ring (ESR) (Fig. 3.1) at GSI were used to gain access to the required region of the 
nuclear chart. The FRS-ESR is coupled to a system of accelerators which enable the use 
of projectile fragmentation as a reaction path. The ESR setup is mainly used for mass 
measurement experiments [62]. However, a useful off shoot from these experiments is the 
ability to measure excitation energies and half-lives of isomers created in the reaction.
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3.1 Accelerators and Production Target
The acceleration stage of the setup utilises a linear accelerator (the UNILAC) and a 
synchrotron (the SIS-18). The accelerators can produce beams of most ions from hydrogen 
to uranium. These beams can be accelerated to energies of 0.4-4.5 A-GeV with a maximum 
magnetic rigidity of 18 Tm [63]. For the present experiment the SIS provided a beam 
of 197Au at ~500 A-MeV which was incident on a target of 9Be with a thickness of 
1035 mg/cm2, and in part of the experiment a 221 mg/cm2 Nb backing to the target was 
used as an electron stripper.
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Figure 3.1: Schematic of the GSI SIS-FRS-ESR facility used for projectile fragmentation 
experiments [64].
3.1.1 T h e  U N IL A C
The UNILAC is a linear accelerator that can provide ion beams to the SIS and other 
experimental halls with energies of up to 20 A-MeV. The accelerator is fed by differing 
ion sources. PENNING type ion sources provide charge states up to 10+ for a uranium 
beam. However, with this system, intensities are very low and fill a factor of A__ 0f the 
maximum space charge limit in the SIS. Another ion source the is metal vapour vacuum 
arc (MEVVA) source. This can provide higher beam intensities with charge states of 4+ 
[65]. The produced beams are required to go through a system of strippers so that the
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required charge state for injection into the SIS is achieved. The stripper system in the 
UNILAC is a gas stripper which creates a range of charge states in the traversing beam. 
These charge states can then be separated by the UNILAC charge state selector. The 
charge state selector uses 15° and 30° kicker magnets that give spatial separation of charge 
states of the beam. The dispersion of the charge states is large enough that single charge 
states can be selected without any loss of beam intensity in that state [6 6 ]. The UNILAC 
is arranged in four sections; the ion source, the prestripper linac, the gas stripper and 
charge filter, and the Alvarez post-stripper linac. Prior to injection into SIS the beam 
goes through one final stripping stage, this is a heavy duty foil stripper that can strip 
ions to a high charge state of ~  70+. To avoid melting of the foil sweeping of the beam 
is performed by a set of sweeping magnets prior to and after the stripping foil. This in 
combination with a pulse rate ~  0.5 Hz allows the foil temperature to cool between pulses
[67].
3.1.2 The SIS
After extraction from an ion-source and pre-acceleration using the UNILAC, a 197Au beam 
was accelerated to 478-492 A-MeV using the SIS-18 synchrotron with a beam intensity of 
5 x 109 particles per pulse. The SIS-18 has a circumference 216.720 m [6 8 ]. The maximum 
energy output from any synchrotron is governed by its radius. The total bending power 
of the magnets limits the maximum beam energy that can be produced by the SIS. The 
path that a charged ion will take is governed by the equation [69] ;
Bp — p ^ u c ' —  (3.1)
where B  is the magnetic field strength, p is the radius of curvature, 7  is the relativistic 
Lorentz factor, c is the speed of light, f3 is the velocity of traversing ion in natural units, 
u is the atomic mass unit, A  is the atomic mass number and qe is the charge on the ion. 
W ith (3 and 7  factors governing the energy of the ion. The SIS can accelerate beams up 
to 4.5 A-GeV depending on the A/q of the beam. The SIS has a maximum magnetic field 
of B =  1.2 -  1.8 T.
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Figure 3.2: Calculated charge states (performed by the GLOBAL code [70]) for projectile 
fragments produced by a 500 A-MeV beam on a 1035 mg/cm2 9Be target.
3.1 .3  T h e  P ro d u c t io n  T a rg e t a n d  S tr ip p e r  
P ro d u c tio n  T arget
A beryllium target with a thickness of 1035 mg/cm2 was used with the addition of a strip­
per foil (discussed later). In selecting a target for any experiment some considerations 
need to be taken into account; Z of the target and the thickness of the target (both of 
which shall be discussed). By using a beryllium target the energy loss from the reacting 
beam is minimised, having a low Z. This preserves the high energy of the reacted frag­
ments allowing them to pass relatively undisturbed through the rest of the target after 
the reaction. The relatively small energy loss of the fragment in the target results in a 
narrowing of the distribution of momentum and transmission angle from the target. By 
narrowing the momentum distribution and angle of the exiting fragment, an increase in 
the transmission through the FRS is achieved [71]. To calculate the energy loss through
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the production target the relativistic Bethe formula is used [72];
dx m ec2 /32 V 47re0
2 02
(3.2)
where (3 is the pre-fragment velocity in natural units, m e is the mass of the electron, Z  
is the projectile proton number, e is the charge on an electron, n  is the electron density 
and I  is the mean excitation potential of the target and is approximately given by [73] ;
7 =  (10 eV) « Z  (3.3)
The calculations for exiting charge states show that in the region of interest {Z ~  72) 
these isotopes will be ~  70% bare and ~  30% hydrogen-like. To improve this a stripper 
foil is placed on the back of the target to remove the remaining electrons, ensuring a 
higher percentage of bare nuclei.
S trip p e r
To gain efficient stripping of electrons from the fragments a Nb (Z = 41) stripper was 
place directly behind the production target. The stripper in this case had a thickness of 
221 mg/cm2. By ensuring that most of the fragments are fully stripped the ESR could 
be set up so that bare 184>186Hf and 190W ions would be within the acceptance of the ESR 
range.
Using the GLOBAL code [70] it is possible to see with specific beam fragments and 
beam energies which material would be most suited to perform the stripping process. Fig. 
3.3 shows how the different charge states change with varying Z.  Here, niobium is not 
the most efficient choice to create bare 184Hf. However, the material properties such as 
state, ease of machining and cost make niobium an excellent choice. For an electron to 
be stripped from the atomic shells of an atom in the case of a traversing ion, the Bohr 
criterion comes into effect [74, 75]. Electrons from the traversing projectile are likely to be 
removed from their orbitals if the velocity of the projectile is of the order of the classical 
velocity of the electron in its atomic orbital.
-  =  Z . -  (3.4)
C M
where vQ is the classical orbital velocity, c is the speed of light, Z  is the proton number, 
a  is the fine structure constant (a =  1/ 137) and n is the principal quantum number. The
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stripper systems in the UNILAC work by using this criterion also.
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Figure 3.3: Calculated charge states of 184Hf for a fragment energy of 500 A-MeV after 
interacting with a stripper foil of atomic number Z and a thickness of 221 mg/cm2 . The 
upper figure shows the calculated values plotted on a linear scale. The lower figure shows 
the calculated values on a log scale enabling the observation of helium-like and lithium-like 
behaviour.
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3.1.4 Beam  Selection
A beam of 197An was chosen, as it ensures via projectile fragmentation the neutron-rich 
Z ~  72 isotopes could be reached. Chosing a heavy beam on a light target enabled 
many nucleons to be removed from the projectile, adding angular momentum into the 
nuclear system. This angular momentum input enables access to the high-spin states, 
leading to high-AT isomers. The highest known state produced by such a reaction is the 
43/2 h state in 215Ra [76]. Therefore, experimentally large values of angular momentum 
input can be expected. Cross-sections for fragmentation reactions can be predicted using 
the ‘empirical parametrisation of fragmentation cross sections’ (EPAX) [77] and cold 
fragmentation (COPRA) [51] codes. The predictions given are not entirely accurate and 
are used as an indication of cross sections rather than definite values. Calculated cross 
sections are shown in Fig. 3.4
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Figure 3.4: Calculated cross sections for the nuclides of interest with a 197Au beam on a 
9Be target. Figure (a) shows cross sections calculated with the EPAX 2.1 code [77] and 
figure (b) shows calculated cross sections with the COFRA 2.1 code [51]. The horizontal 
line at ICE5 mb is relating to the storage of 1 ion per day of beam time.
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3.2 The Fragment Separator (FRS)
Separation of produced fragments from an accelerated beam reaction is vital for identifica­
tion of the nuclides created in the process. At GSI this is performed using the FRagment 
Separator (FRS). The FRS is a system of magnets and degraders that separate the prod­
ucts with respect to their mass (M), charge (q) and proton number (Z). By use of 
four coupled 30° dipole magnets, separated by doublets and triplets of quadrupole and 
hexapole magnets and degraders (Fig. 3.2.2), monoisotopic energy independent fragment 
separation can be acheived.
3.2.1 D ipole M agnets
The FRS utilises the ability of dipole magnets to spatially separate differently charged 
ions into different circular arcs. There are four stages of 30° dipole analysing magnets 
that separate the desired ions from the superfluous ions in the FRS. These four dipole 
magnets have a variable magnetic field with a maximum strenght of 1.6 T. These magnets 
also have a constant radius which spatially separate the traversing ions in the horizontal 
(x) direction with a maximum path acceptance of ± 1 0 0  mm about the centre of the x 
plane. For the ions to traverse the dipole magnet the radius of curvature according to 
Eq. 3.1 must be within the 200 mm acceptance, otherwise, they will be lost from the 
experiment [63].
3.2.2 Quadrupole magnets and slits
Quadruple magnets are coupled with dipole magnets (in doublets or triplets) and act as 
lenses for beam transport. The quadrupole magnets focus ions such that one Cartesian 
plane is focused while the other is defocused [69]. The quadrupole magnets are set up in 
triplets and doublets prior to and post transport through the dipole magnets. The first 
quadrupole magnet set is adjusted such that the field volume inside the dipole is filled. 
This enables a high resolving power in the midplane such that [45] ;
(35>
where Xq is the x coordinate at the target, x0 is the angular divergence at the target, Bp  
is the magnetic rigidity and /  Bdf is the magnetic flux. The resolution of the separator is 
enhanced by using a strong focusing magnet in front of the target. This induces a small
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target spot (2 - To) and thus Xq is decreased. This however increases the angular diver­
gence, and by placing a second focusing magnet after the target the angular divergence 
is decreased [45].
The slits are pairs of copper blocks that are placed after the exit from the dipole and 
quadrupole ensemble. These slits provide an additional spatial variable that effectively 
changes the maximum width of the dipole magnets. By placing these slits in a specific 
location it is possible to filter further unwanted ions out of the experiment.
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Figure 3.5: Schematic of the FRS layout, showing calculated ion paths with no degrader 
at the F2 position [78].
3.2 .3  S e p a ra t io n  o f th e  f ra g m e n ts
The FRS is divided into three separation sections. The first and last sections have two 
stages of dipole magnets. The dipole sections provide a separation in A/q. Only ions with 
the p/q appropiate for the Bp of the magnets traverse these sections. The third section 
contains a degrader. Here different atomic energy loss of the beam as it penetrates the 
degrader is associated with different values of proton number (Z) . This energy loss 
enables further separation of the ions in the beam. Selecting the correct thickness of 
degrader enables only ions with appropiate Z  to pass through the following section of the 
FRS [63]. This method is known as Bp — A E  — Bp separation. A S for the degraded ions 
follows the relationship; A S ~  Z 2. The FRS can have a large variety of thicknesses at 
the F2 degrader position. The degrader can be made up of three different types: plane 
plate, wedged plate and wedge disk (see figure 3.6). A combination of these degraders
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enables selection by proton number. Only the plane plate section of the degrader was 
used in the present work. A 200 /rm plane plate aluminium degrader foil was installed at 
the middle focal plane of the FRS in the F2 position. Exotic fragments t her fore, could be 
effectively separated from the more abundant, less-exotic fragments and from the primary 
beam, which would otherwise be present in several ionic charge states.
Figure 3.6: The constiuent parts of the degrader setup at the F2 position (adapted from 
Fig. 8 in Ref. [63])
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3.3 The Experimental Storage Ring (ESR)
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Figure 3.7: Schematic of the ESR and its strectched hexagon geometry. The positions of 
the kicker magnets for stochastic cooling, the electron cooler and Schottky pick-ups are 
shown.
The ESR is a heavy-ion storage ring that is used to store, measure and accumulate 
ions which have been produced by the SIS and subsequent reactions. The energy of the 
injected ions can reach a maximum energy of 500 A-MeV due to the maximum bending 
power of the magnetic system which has a Bp of 10 Tm [79]. The ESR has a cooling 
system which allows for both electron [80] and stochastic cooling [81] to be performed 
on the ion beam (discussed later). The magnet geometry of the ring takes the form 
of a ‘stretched hexagon’ and allows for a variety of experiments to be performed with 
the ring. The ‘stretched hexagon’ geometry is determined by 6 dipole magnets and the 
two long straight sections. Two 10 m long, magnet free sections allow for the cooling 
and measurement devices to be installed. The focusing of the beam needed around the 
bending sections is provided by the a mixture of 4 quadrupole doublets, 4 quadrupole
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triplets and hexapole magnets [82]. A schematic of the ESR can be found in Fig.3.7.
The momentum acceptance for injected ions is fairly low =  ±0.35%) compared 
to the total acceptance of the ring =  ±1.5%) [83]. The velocity spread at injection 
is ^  =  10~2. This value is too large for the of use Schottky Mass Spectrometry (SMS) 
(discussed later) and thus the injected particles must be ‘cooled’. For a realistic chance 
to perform mass measurements the velocity spread of the ions needs to be reduced to a 
value of ^  =  10-7. Cooling of the ions is dependent on the original velocity of the ion 
and cooling technique. Using purely electron cooling, an average cooling time of ~  10 s 
[84] can be acheived. However, in combination with stochastic cooling a minimum time 
of ~  1 s can be obtained. This places a limit on the minimum lifetime of an ion which 
can be measured of ~  1 s with SMS. Shorter lifetimes can be measured with the so called 
‘isochronous mode’ [85, 8 6 ].
3.3.1 Schottky Mass Spectrom etry
Once injected into the ESR the circulating ions can be measured via two techniques: 
Isochronous mass spectrometry (IMS) or Schottky mass spectrometry (SMS). IMS is not 
used in this thesis but is discussed in Ref. [8 6 , 87]. To enable high-resolution frequency 
spectra, cooling of the stored ion beam is required. Stored ions in the ESR obey (to the 
first approximation) the equation below [8 8 , 8 6 ];
T  ~ ~apT 7  + v ( 1 _ y  (3'6)
where ap is the ‘momentum compaction factor’ and is dependent on the path length and 
magnetic rigidity (Bp), f  is the revolution frequency, m/q is the mass to charge ratio of 
the stored ion, v is the velocity of the ion, 7  is the Lorentz factor and is the transition 
point for the ESR defined by y 2 — ^  [69]. By cooling the ions the velocity spread of 
the stored ions is reduced from ^  ~  10- 2  to ^  ^  1 0 -7 . This makes the second term 
in Eq. 3.6 tend to zero. A measurement of the revolution frequency of a stored ion thus 
becomes a measurement of the mass to charge ratio of that ion. Cooling is performed by 
two methods; electron cooling [89] and stochastic cooling [81] discussed earlier. Stochastic 
cooling is used at a fixed energy 400 A-MeV [90] , therefore, for each setting the energy 
gained from the SIS primary beam was adjusted so as to fix the fragment energy to 400 
A-MeV after the aluminium degrader.
Using SMS in the ESR enables accurate measurements of the mass of ions which have
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Figure 3.8: The electronics setup used for data aquistion for SMS measurements [78].
lifetimes of greater than a second. This type of spectrometry does not require a decay for 
a measurement of an ion to be obtained. SMS is used in synchrotrons and storage rings 
to measure the traversing beam in a non-destructive way, which means that in theory the 
beam should be able to circulate the storage ring indefinitely whilst measurements are 
still being taken. This technique is therefore very useful when performing experiments 
on ground and isomeric states which have lifetimes which are difficult to measure with 
other spectroscopic techniques. The Schottky measurements are performed by a system of 
electro-static pick-ups in which mirror charges are produced as the circulating ion passes. 
This induced charge is proportional to the square of charge of the ion being measured. 
Many revolutions are required with this technique so that a signal is eventually built up 
above the thermal noise level. The ions traverse the ring’s 108 m circumference at a 
frequency of ~  2 MHz in ~500 ns. The plates are coupled to a resonant circuit which 
operates mainly at the 30th harmonic, giving a signal frequency of ~60 MHz. The signals 
are then amplified by a low-noise amplifier, summed and passed through a low-pass filter. 
The output signals go through an image-reject mixer which down converts the signals to 
a frequency range of 0 — 320 kHz via a local oscillator [78] (Fig. 3.8). The signal is then 
split for offline storage and online analysis using the Time capture system (TCAP). The 
acceptance of the ESR thus corresponds to ~320 kHz.
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3.3.2 Cooling of the ion beam
Cooling at the ESR is mainly used for storing of radioactive ion beam fragments. Using 
cooling techniques like stochastic and electron cooling enables the momentum spread of 
the injected fragments to be reduced so a clear Schottky spectrum can be produced. Cool­
ing is required in two phase spaces, transverse (betatron) and longitudinal (momentum). 
Electron cooling uses an electron beam passed through the beam direction of the stored 
ions, whilst, stochastic cooling uses pick-ups to measure the momentum spread and then 
reduces this via the use of kicker magnets.
Electron Cooling
Electron cooling uses the principle of heat exchange via a Coulomb reaction to cool the 
ion beam. A cold intense beam of electrons is merged with the hot ion beam. When 
the word ‘cold’ is used in this context it relates to the beam having a low momentum 
spread. The two beams (electron and ion) are set that the electron beam has the same 
average velocity as that of the ion beam [89]. The merging of the two beams cools the 
ion beam changing the momentum spreads until they are exactly equal. Many cycles of 
the ion beam are required prior to the two beams attaining thermo-dynamic equalibrium. 
After a sufficient amount of time, the ion and electron beams are in equalibrium, thus 
the ion beam has no memory of the original velocity distribution prior to cooling [91]. 
Continous cooling of the beam is required to keep the velocity distribution of the ions low, 
as inter-beam collisions cause the ion beam to heat up [92]. The friction force provided 
by the electron cooler can be described by two equations [80] ;
F f m(v-) = - F 0c2 J  L 0 ( n ) f ( v l ) ^ d 3Vl  (3.7)
/
y ^ a . d 2
L ÿ ( u ad) f K ) 3 ^ J - d 3v l  (3.8)
where F0 =  A'Kq2n*er l ,mec2, such that n* is the electron number density and re is the 
classical electron radius. Lc  is the Coulomb logarithm given by =  -  • ln (l +  maa: ).
Vmin
Eq. 3.7 is related to the non-magnetic component of the friction force provided by the 
electron beam. To avoid blow up of the electron beam the electrons are surrounded by a 
longitudinal magnetic field, this induces cyclotron motion in the electron beam around the 
magnetic field fines. Thus the non-magnetic frictional force only occurs when the impact 
parameter of the interaction is much smaller than the cyclotron radius. Therefore, the
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inverse cyclotron period is much longer than the interaction time. Eq. 3.8 relates to 
the interactions where the impact parameter is large compared with the cyclotron radius. 
The Fud(v*) term contributes mostly to the friction force exterted by the electrons for ion 
velocities below 105 m/s. At higher velocities however, the F™n(v*) term dominates [80].
S tochastic  Cooling
Conservation of phase space density in the presence of a magnetic or electric field is 
postulated by Liouville’s theorem. To cool the beam requires that phase space density 
is not conserved and can be reduced, thus violating Liouville’s theorem. However, in 
general particle beams are not continuous media, and there are empty regions of phase 
space between individual ions. It would therefore be possible to imagine a way to gain 
information on the phase space of individual ions in the beam. This information could 
then be passed onto the other ions in the beam, such that the empty phase space is then 
filled with an ion. In this way the phase space density of the ion beam is reduced without 
violating Liouville’s theorem. This is essentially how stochastic cooling is performed [93]. 
In an ideal system sensing of individual ions is required, however, in practice the ions
noise
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Figure 3.9: The basic principal of Stochastic cooling, with pick-ups and kicker magnets 
used to cool the beam [94].
are sensed in ‘samples’ of particles rather than individual ions. Stochastic cooling works 
on the idea of sensing an average property of the beam which requires some cooling. 
Then by using correctors it is possible to narrow the distribution of that property [94]. 
The averaging nature of sensing a property of an individual sample, means only a small 
amount of cooling can be performed by the correctors. Therefore, many corrections are
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required to cool the ion beam sufficiently, and thus stochastic cooling processes can only 
be performed with circulating beams [93]. A fast sampling time at the pick-ups, decreases 
the time required for the ion beam to cool. The signal from the pick-up is amplified and 
a correction signal is calculated for the kicker. The kicker signal is delayed such that the 
correction is given at the correct time for the detected sample (Fig. 3.9).
Stochastic cooling at the ESR is a pre-cooling process prior to electron cooling. The 
stochastic precooling reduces the momentum spread from up to y  =  ± 0 .3 5 % down to 
^  =  ±0.1% and transverse emittances from up to EXjy =20 yrmm mrad down to Ex,y =2.5 
Trmm mrad [81]. For longitudonal cooling two methods can be applied; the Palmer method 
or the notch filter method.
The notch filter method is suited to the low-beam intensities [89]. The method uses 
frequency harmonics to improve pre-cooling times. The correction signal applied to the 
kicker has notches at frequency harmonics which correspond to the ions with the correct 
momentum. Therefore, ions with the correct momentum avoid having a correction kick 
applied to them. However, ion samples which deviate from the correct momentum get a 
‘kick’, and this either accelerates or decelerates the ion samples to reduce the momentum 
distribution [90].
The pick-up signal used in Palmer cooling is found from an area of the beam which 
has a large distribution function. This can be found in the middle between the pick­
up plates. The signal produced is an approximation to the distance for the beam from 
the ideal orbit. This distance on average is proportional to the deviation in magnetic 
ridigity of the beam ions. A correction signal is calculated then sent and a kick applied. 
Therefore Palmer cooling cools all particles to the same magnetic rigidity, whereas, the 
notch-filter method cools to the same revolution frequency. The Palmer method is the 
cooling technique implemented at the ESR. Stochastic cooling at the ESR is optimised 
such that ions with energies around 400 A-MeV are cooled [90].
Chapter 4 
D ata Analysis
4.1 Fast Fourier Transformed data
The data obtained by the Schottky pick-ups are not analysed directly but manipulated 
such that usable data can be gained. To enable direct access to ion frequencies a Fourier 
transform (FFT) is applied to the data, converting data from the time domain into the 
analysable frequency domain. The ion frequencies can be used to gain information about 
ion mass over charge ratios for the traversing ions (Eq. 3.6). The FFT data return values 
of Schottky noise power density (measured in arbitrary units) in the frequency space. 
Fitting n half waves between ion signals for every ion individually, creates a sinusoidal 
function with a frequency to the nth harmonic. It is this sinusoidal function that is Fourier 
transformed. Each ion will have a frequency unique to the particle’s m/q value. The FFT 
produces a total frequency range of ~  0  — 320 kHz from the nth harmonic. Analysis of the 
30th harmonic of the revolution frequency was typically measured, with the local oscillator 
set to 59.15 MHz. These data are sampled at 640 kHz giving the 320 kHz bandwidth in 
blocks of 0.1 s and divided into frequency channels. It is possible to vary the frequency 
resolution. Each frequency channel width has properties suitable for different analysis 
needs. Having good frequency resolution (small channel width) causes the background to 
become large, having the effect of obscuring single ion peaks (Fig. 4.1). The background 
is reduced by averaging over many data blocks reducing the random noise by \ / N av . This 
has the effect of reducing the time resolution of the data. This averaging of spectra reduces 
the stochastic nature of the background leaving a smooth predictable background curve 
which can fitted by a standard polynomial. An upshot of having small channel widths is 
the precise measurement of the peak centroid. However there is a fundamental constraint 
the “Fourier limit” , such that, A /  =  1 Hz requires 1 s time blocks, and A /  =  0.1 Hz 
requires 10 s time blocks [78]. Manipulating the data by having smaller channel widths
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was decided against as it was felt that time resolution was an important factor in the 
experiment. For a channel width of 9.76 Hz/channel a ‘very’ clean spectrum was found 
when averaging one hundred 0.1 s data blocks, equating to 10 s per time bin. Therefore, 
in an observation time of «  60 s between injections, 6  time bins could be analysed. This 
channel width corresponds to 32768 (215) channels at 9.76 Hz/channel. By increasing the 
number of channels to 65536 (216) the peak to background decreases as the signal strength 
is split over many channels thus it is difficult to distinguish a single ion peak from the 
background and further increasing this number makes the single ion peak impossible to 
observe, as seen in Fig. 4.1. The frequency binning of the FFT data, in principle can take 
any value, but depends upon the amount of raw data obtained in the measurement and 
computing power of the analysing system [78]. The total Schottky noise power however 
stays constant for any peak in the spectra. Increasing the number of channels decreases 
the height of the peak [78], as seen in Fig. 4.1.
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Figure 4.1: The figure shows varying frequency resolutions with a time resolution of 
20 s. Changing the frequency resolution has the effect of altering the peak to background 
ratios. Smaller frequency channel widths produce larger background flucuation, while 
large frequency widths reduce the background flucuations. By reducing the frequency 
widths single ion peaks can become swamped by background, as seen in the peak to the 
right in the figure.
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4.2 Produced Spectra and Ion Identification
The experiment was split into three different settings, such that the FRS-ESR system was 
optimised for a specific isotope. These isotopes were the fully stripped 190W 74+, 184Hf72+ 
and 186Hf72+. The 190W setting was set-up such that injections into the ESR were every 
~  30 s, whereas for the 184>186fj£ settings ions were injected every ~  60 s with the ability 
to delay subsequent injections if an ion of interest appeared during online analysis. W ith 
stochastic cooling optimised for the isotope of interest, other injected ions (which have 
significantly different rn/q) may experience cooling times that are markedly longer than 
for the isotope of interest (Fig. 4.2). This ‘slow’ cooling limits the observation time of 
other isotopes (depending on the time between injections). If an ion has t \/2 ~  10 s and 
is well cooled it is likely to be seen. However, if that ion is poorly cooled it is possible it 
will have decayed prior to being observed in the ESR and cannot be measured.
Frequency spectra essentially have the same basic shape (Fig. 4.3). Peaks are built 
on top of a background which can be fitted with a polynomial function [78]. The back­
ground is caused by electronic noise and background signals. In a single injection from 
the SIS many differing ion species are produced. It is therefore necessary to calibrate 
the data so all Schottky peaks can be uniquely identified. The more established method 
for identification and mass calculations is an automated computing method. Taking the 
average frequency of a peak for each ion throughout an injection, an average Schottky 
spectrum can be created. From this the total spectrum can be separated into sub-spectra 
of between 30 — 60 kHz and analysed. The first peak in a split spectrum is assigned an 
m/g value relating to a specific ion. From this initial guess other identifications are made 
for the subsequent peaks in the sub-spectra using mass tables [95]. Iterating through 
the initial peak m/g values until a minimisation of measured peak position and calculated 
peak position occurs, enables identification of each ion within that sub-spectrum. Un­
fortunately, this method was not applicable to this data set as there were too few peaks 
for a good minimisation to be performed. Combining or increasing spectra widths could 
overcome this problem. However, a problem occurs as the momentun compaction factor 
(ap) (discussed later) is non-linear and by making wide spectra this non-linearity can 
complicate ion identification. The problem was noticed early on in the analysis and has 
been resolved previous to this work [96].
Nevertheless, it has thus been possible to unambiguously identify circulating ions (a 
calibrated spectrum is shown in Fig. 4.4). The ap of the ring is known to an approximate 
degree from the magnetic rigidity of the ring setup (discussed later). Using mass tables in
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Figure 4.2: Data showing optimum (a) and slow (b) cooling of ions injected into the 
storage ring. Data from the 184Hf setting showing a cooling time of 3.5 s (one time 
channel) for a frequency range of 70-80 kHz (A=189, q—744-) (a), and a cooling time of 
~20-30 s for the 40-50 kHz (A=187, q—734-) frequency range (b).
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Figure 4.3: A typical Schottky frequency spectrum for 10 s of observation time at 9.76 
Hz/channel.
combination allows identification of peaks with known masses. The frequency differences 
in an observed isobaric chain in the storage ring offer a unique finger-print of mass-to- 
charge ratios aiding ion identification. The strong peaks in the spectrum are likely to be 
those around the mass of the primary beam. Starting with the strong peaks it is then 
possible using mass tables [95] to identify the peaks at higher and lower frequencies around 
the strong peak. In this way it is possible to identify all the ion species measured in the 
ESR (Fig. 4.4). This technique avoids the variations in ap encountered during analysis 
with the automated program. However, for many ions this would be tedious and the 
automated computer identification is a more efficient technique, if it can be successfully 
applied.
Frequency 
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Figure 4.4: The figure shows a 10 s slice of the 184Hf data set with ion identification for 
that injection.
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4.2.1 The mom entum  com paction factor ( a p )
The momentum compaction factor (ap) is the contributing factor in the determination 
of masses in the ESR. ap determines ion calibration, mass measurement and to some 
degree mass resolution. In determining identifications and mass measurements for injected 
circulating particles, ap is an additional variable which is dependent on the frequency of 
the ion. In the ESR cooled-ions follow;
(4.1).
/  m/
with ap being the constant of proportionality. However, the term is not constant and 
varies non-linearly throughout the acceptance of the ESR (Fig. 4.5). This variation is 
a consequence of having closed orbits in a system of even ideal dipole and quadrupole 
magnets [97]. Further variation is caused by the ring’s higher order correction magnets, 
and variations in the magnetic fields of all the magnets in the ring. All ring systems have 
this variation in ap (discussed first in Ref. [98]). A detailed discussion on the variation 
in ap for the ESR can be found in Ref. [97].
As mentioned earlier ap can affect the mass resolution of the ring system. Mass 
resolution is determined by the frequency resolution of the detected ions. In an ideal 
system an ion peak can be resolved/ identified if the frequency separation between two 
ions is greater than the full-width half-maximum (FWHM) of the frequency peaks,
|A A e r |> % ^  (4.2)
where |A /reu| is the difference between centroids of the two peaks, and 5frev is the line 
width of the peak. ôfrev is mainly determined by the momentum spread of the cooled 
ions (discussed earlier), whereas \A frev\ is determined by the mass difference and ap of 
the ring. Given the condition [97],
>  ^  ^  (4.3)
Jrev  P
A f rev A (m /g )
f r e v
where 77 =  ^ — a p and 7  =  A__ . The mass-to-charge ratio resolving power is given by
V1-^
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Figure 4.5: ap as a function of the ion path length. The two data sets represent the 
variation of ap for different settings in the ESR (184Hf and 186Hf). The data at large path 
length represent the ions which are injected into the storage ring, the values at small path 
length are the decay or electron stripped products.
where A(m/ 9) is the minimum m/q which can be resolved. Combining Eq. 4.4 and Eq. 4.3 
we obtain [97];
1
Rn
1—
1
p
- i
(4.5)
Clearly therefore, the mass-to-charge resolution of the ring is dependent not only on the 
momentum distribution, but the momentum compaction factor and beam energy. Using 
values of 7  =  1.43 (the approximate value for 187W at 400 A-McV), ap =  0.17 and a 
typical momentum spread ^  =  1 x 10~7 gives a resolving power of Rq % 5300000 which 
equates to a precision for 187W /3+ of Am ~  32 keV FWHM. This value is lower than the 
typically measured value. In Fig. 4.6 the blue line shows a high-frequency resolution of 
a 3 ion peak in 187W73+. The a of this peak is 5.5 Hz which at ~  16 keV/Hz equates to 
88 keV, and a FWHM of ~  13 Hz, giving a FWHM resolution of 208 keV. This is much
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greater than the 32 keV predicted. The cause of this difference is the stability of the 
ion revolution frequency during the measuring time. The frequencies will wander slightly 
from their set orbit, and this has the effect of broadening the frequency peak [97].
£
c3
-e03^
1O
CL
CD(Z)
o
_ coCP
a= 7.7 Hz
0.01
a~ 5.5 Hz
0.001
45.15 45.2 45.25 45.3
Frequency (kHz)
Figure 4.6: The figure shows a three ion Schottky peak of the isotope 187W73+ taken at 2 
different frequency resolutions (9.76 Hz/channel and 1.22 Hz/channel). Shown also is the 
a of each peak. The larger frequency resolution artificially broadens the peak by ^  2 Hz.
4.2 .2  A n a ly s is  o f  S im ila r  m/q ions
A feature of the produced spectra is the apparent ‘merging’ of two ions with similar 
m/ q  values. Merging is observed as a sudden shift in revolution frequencies of two ions 
into a single ion trace (between the two frequencies) (Fig. 4.7). This new frequency is 
also observed to have a Schottky noise power four times that of one of the ion traces. 
This scaling of Schottky noise power suggests the new line has changed Z value. This 
is different to the observed ions prior to merging, as the Schottky noise power scales as 
Z 2 [64, 96, 99](Fig. 4.7). The physical explanation of this can be seen in Fig. 4.8. The
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ions traverse the ring with the same tangential velocity but with different radius and as a 
consequence the ion with a smaller radius eventually catches up to the ion with the larger 
radius. The difference in radii is small enough that the electrostatic force between the two 
ions causes a repulsive interaction, resulting in the slowing of the ion on the smaller orbit 
and an acceleration of the ion in the larger orbit such that the two ions take the same 
angular velocity and are measured as one ion with Z 1 +Z2 protons. Ions with similar Z  
will therefore create a peak four times that of a single ion peak. After a period of time the 
ion on the smaller orbit will sometimes pass the ion on the larger orbit and the traces will 
split again. ‘Merging’ or ‘beam crystallisation’ [100] of two ion traces can cause ambiguity
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Figure 4.7: The figure shows an example of ‘merging’ of ions within the ESR. These data 
are not from the current data set but from previous data shown in [96].
in identification and make analysis of low-lying isomers and similar m/g ions impossible. 
On top of this as discussed earlier it was required that a frequency resolution of 9.76 
Hz/channel was used. However, this artificially increases the width of a frequency peak 
(Fig. 4.6). Combined with the cr = 5.5 Hz width due to the momentum distribution and 
frequency drifts during measurement, this makes observation of similar m/ q  ions taxing.
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To avoid the problems of poor frequency resolution and beam crystallisation, a criterion is 
imposed on the data, that within a certain frequency range around the region of interest 
a measurement is only accepted when a single ion is measured. To further improve the 
identification, a reference line is chosen close to the frequency region of interest, and the 
difference in frequency is measured between this reference line and the unknown single ion. 
Collating these data, it maybe seen that two Gaussian peaks appear at different relative 
frequencies, and these indicate the ground and isomeric states or the ground states of two 
similar m/q  ions [101]. Results using this technique are discussed later.
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Figure 4.8: The figure shows the concept of ‘merging’ ions within the ESR. The left 
handside figure shows no observed merging. The right handside shows occurrence of 
‘merging’ ions.
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4.3 Decays in the ESR
In SMS a shift in the ion revolution frequency is indicative of an ion decay. The amount 
of shift in the orbital frequency gives a unique fingerprint as to the decay process which 
occurred. The exact amount of shift depends upon the Q-value of the decay, the ap of the 
set up and the charge state of the ion. The region of interest for this work focuses mainly 
on decays which occur by the (3~ and 7  decay branches. The main mode for heavy neutron- 
rich ground states is (3~ decay. The signature of such is a shift of frequency of ~  150 kHz 
or ~  300 Hz, for /3-unbound and /3-bound decay respectively (Fig. 4.9). Unfortunately 
/3-unbound decay products are unlikely to be observed, although not entirely impossible.
(3~ decay products are not generally observed in the ESR because of the large frequency 
change due to the change in the m/q ratio. If the decay occurs within a dipole magnet, 
the field is not strong enough to further bend the shifted ion within the acceptance of the 
magnet. Therefore any /3""-decay events occurring within a bending magnet will result 
in the daughter ion being lost from the ring. Other decays events likely to be seen are 
7  decays from isomeric states. The frequency shifts for 7  decays are small with respect 
to /3-unbound decays, of the order of ~  10 — 150 Hz. The relative change in frequency 
during these events are small and therefore the daughter product will still remain within 
the acceptance of the ring.
4.3.1 Half-life analysis
In many cases of this data set only a single ion of a particular isotope is observed in the 
ESR. This means the conventional method of lifetime analysis cannot be performed (decay 
curve analysis). Therefore another way of calculating the ion lifetime has been performed. 
By observing single ions over the course of an injection and summing the observation time 
for all injections a total observation time can be found. By observing the total number of 
decays in that total observation time a mean lifetime can be extracted (r  =  ftot/rid)- This 
can then be Lorentz corrected and a half-life calculated (r  =  ^ - ) .  However, low statistics 
play a role in this analysis as the number of decays can be very low (depending on the 
ion). At this extreme the error bar estimation of A =  y/n does not hold [1 0 2 ]. Errors 
therefore were calculated using the techniques suggested in Ref. [102]. For situations 
where the number of decay events (n) follows n > 2 , the approximations ru — , ^  andy/n
Ti = 1+f_g_ were used for the upper and lower errors respectively, where z =  1 is used for 
standard error. For n < 2  the values ^  =  2.82, S =  0.606 and ^  =  5.79, = 0.543 were
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Figure 4.9: Nuclear decays are associated with shifts of ion revolution frequency. The fig­
ure shows the associated frequency shifts with the corresponding decay. There is another 
process not shown on the diagram; atomic electron stripping, the shift associated with 
this is approximately the same as that for /3~ decay.
used for n = 2 and n = 1, respectively. Fig. 4.10 shows a graphical representation of the 
confidence limits for these results.
However, if there is a strong peak (i.e. many ions) it is possible to observe a decay 
curve. The integrated Schottky noise power for a single Schottky peak is proportional to 
the number of ions at that revolution frequency. Observing the integrated Schottky noise 
power over a period of time enables a plot of time vs. integrated Schottky noise power 
to be made (Fig. 4.11). It is therefore possible to fit a decay curve to the data and then 
calculate a lifetime.
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Figure 4.10: The figure shows how error analysis varies with low statistics. The values 
plotted are the confidence limits (| )  for the upper and lower error bars varying with n 
(number of events) calculated from Ref. [102].
4.4 Isomer Energy Calculation
The classic approach for mass measurements in the ESR is by using the matrix correlation 
method. Identified ions are given a mass which is relative to every other ion in the ESR. 
However, with isomeric states this is not necessary. What is needed is the isomeric ion, 
the ground state ion and a reference line close to both in frequency. As isomeric states 
and ground states are very close (in relative terms) in energy, the ap over this region is 
assumed to be constant. Therefore, measuring the difference between the ground state 
and the reference line gives a relationship between mass-over-charge ratio and frequency.
f r e f  ~  f g s  = & ' ( ( mA )r e / ~  (™A)gs) • (4.6)
Using the calculated constant of proportionality in conjunction with the difference in 
frequency between isomer and ground state, the energy of the isomeric state can be
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Figure 4.11: The figure shows an example of a produced loss curve in the ESR. The case 
is 196Pt76+ (helium-like). This stable nucleus is lost from the ion orbital due to electron 
stripping (discussed later). The same process can be used for ion decay processes.
extracted. If the isomer and ground state are in the same injection this difference can be 
measured directly. However, if the isomer and ground state appear in separate injections, 
the average frequency difference between the ground state and reference line and isomer 
and reference line are subtracted from each other giving an indirect measurement of the 
frequency difference between the ground state and isomer. This is then used to give the 
energy of the isomeric state.
The uncertainty of the calibration value k is given by summing the errors in the 
mass-over-charge ratios for the calibration ions and the error in the measured frequency 
difference between the calibration peaks together in quadrature. If the isomer and ground 
state are present in the same injection, the uncertainty is calculated using the errors in 
k and the error in frequency difference between the isomer and ground state. The uncer­
tainty in frequency difference between any two peaks is given by the standard deviation of 
the mean difference, calculated via obtaining the variance of the distribution. The errors
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in the calibration value and frequency differences are summed in quadrature to extract 
the errors for the measured energy. In this situation the measurements are done on a 
time-block-by-time-block basis, k  is calculated for each time block individually and used 
with the measured frequency difference for that time block to extract an energy. The 
energies are then averaged, to gain the energy of the isomeric state.
However, if the isomer and ground state are not present in the same injection it is not 
possible to calculate the energy on a time block by time block basis. The energy for such 
a situation is calculated using the average calibration value, &, for the region, and the 
subtracted average frequency difference for the isomer to reference line and ground state 
to reference line. The errors are calculated using the standard deviation of the frequency 
differences from the mean value (calculated from the variance).
Chapter 5 
R esults
5.1 Atomic electron capture/stripping results
Atomic electron capture and stripping can play an important role in the measurement 
of ion lifetimes in the ESR. It is important to measure the effect as the lifetime cannot 
be easily calculated. The lifetime measurement also scales by Z 2 for different ions; such 
that Taec(z2) =  Taec(Zl) ' (fry? [103]. In Fig. 4.11, integrated Schottky noise power was 
plotted against time to enable a lifetime to be measured. This measurement was for the 
stable isotope 196Pt, therefore the apparent decay of this isotope is due losses from the ion 
orbit by either atomic electron pick-up or stripping. This particular ion orbital relates to 
the ion 196P t76+ (helium-like), with a measured in-ring survival half-life of 26(3) min. In 
ions which start with an electron in an atomic shell the likely loss mechanism is electron 
stripping. Therefore, 196P t helium-like ions lost from the ion orbital fill the hydrogen-like 
orbital. Furthermore the losses from the hydrogen-like orbital fill the bare ion orbit and 
do not refill the helium-like orbit, as ions which recaptured electrons would be observed as 
increases in the loss curve (Fig. 4.11). The most exotic ions observed in the ESR however, 
are not in helium-like or hydrogen-like charge states but are seen as bare ions. Bare ions 
are the least populated ions in the ESR, due in part to the set up of the ESR and that 
exotic ions are not as highly populated as a consequence of their low cross-section. The 
most populated case of a bare ion orbital is the 1940 s76+ ion, throughout an injection 
no decay of this ion should be observed (ii/ 2 — 6  yr [104]), the ion is therefore classed 
as pseudo-stable. However, this is very close in mass-excess to the pseudo-stable ions of 
i94m,gjr76+; that the ions cannot be resolved. Measurements were taken for the entire 
unresolved peak and the results are shown in Fig. 5.1. The calculated curve shows a
76
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survival half-life of 31(3) min in the ESR for the entire peak. It is expected that if two 
different lifetimes were present these would be observed in the lifetime curve. However, 
two curves cannot be distinguished suggesting that bare and hydrogen-like ions have a 
similar survival half-life. This is reasonable as helium-like ions of 196Pt have a survival 
half-life (26(3) min) similar to that measured for this curve (within error bars), when 
scaled by Z.
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Figure 5.1: The Figure shows the evolution with time of a 1940s,Ir76+ peak in the data. 
The data are for a single injection observed over an extended lifetime. These ions are 
pseudo-stable in the measurement time therefore the losses are associated with either 
atomic electron capture or stripping. The measured survival half-life for this peak is 
31(3) min. The flattening of the curve at the begining of the measurement is due to 
feeding of the 194Ir76+ ion orbit by electron stripping of 194Ir helium-like ions in the ESR. 
The curve was fitted to the region once feeding of the orbit had stopped.
To check this result two other bare ions have been analysed; these are 190W74+ and 
184y £72+_ i90yy has a similar /3-decay half-life to that of the ion survival half-life there­
fore partial lifetimes will need to be considered, whereas 184Hf has a half-life of ^ 4  hr 
[105] and can be classed as pseudo-stable for the measurement. For 190W74+, 6040 s of
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ion observation time was measured with 4 decays being observed, leading to a Lorentz 
corrected mean lifetime of 1079t^% s, and a measured a half-life of 12.6 ^ 3  min. This is 
significantly less than the /3-decay half-life (30.0(15) min) [106]. Atomic electron capture 
therefore must contribute to the losses from the orbital. W ith analysis of partial lifetimes 
a survival half-life of 301^ min is found. Similar analysis was used on 184Hf. The /3-decay 
of this ion (£1/2 — 4 hr [105]) will not play a significant role in the losses from the ion 
orbital, therefore this can be attributed to atomic electron capture. For this ion a total 
observation time of 5820 s was measured with 4 decays in that time period. A mean life­
time in the ring of 24tg4 min was measured. This gives a Lorentz-corrected half-life for 
the ground state as 12tl2 min, much shorter than the measured /3 decay literature value. 
A survival half-life of I T Î ^  mins was obtained. Both measured bare survival half-lives 
(within error bars) are similar to the 31(3) min measured value for 1940s, which suggests 
this result is reliable, and can be used in the analysis of the shorter half-lives that have 
been measured in the ESR.
5.2 Isomer Results
As will be shown in this chapter, many new isomers in neutron-rich heavy atomic nuclei 
have been discovered as well as new information revealed for known isomers. It has been 
possible to extract energies for all the isomeric states, and where possible a half-life has 
been measured. Regarding the identification of these new isomers, there could be an 
ambiguity between a potential isomer and a less-bound isobar. For instance an isomer in 
(Z  = 72) Hf could be interpreted as the ground state of (Z = 71) Lu. However, using 
SMS, this scenario in many cases is rigorously excluded by the option to observe the bare 
ion of the isobar of interest, e.g. if the Hf ion is bare, with q=72+, then the Lu isobar is 
excluded.
The results were obtained by looking at three mass settings. The first centred on 
the isobar 190W with a short observation time of 30 s per injection. This particular 
setting yielded very few new results. The second centred on 184Hf with injection times 
of 1 min, where injections were occassionally stopped to observe candidate isomers for a 
longer period of time. The third setting was thought to be centred on 186Hf and similarly 
injections were stopped for longer periods. However, subsequent offline analysis found 
the online calibration to be incorrect. This mistaken calibration caused a problem, as the 
stochastic cooling was then optimised for the incorrect ion frequency. Consequently, the 
actual 186Hf region was poorly cooled, which reduced the observation time. Also, when
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injections were stopped for what was thought to be a candidate isomer, it was actually 
stopped for a measurement of a different ion. Hence, any isomer subsequently discovered 
in 186Hf was not examined for long periods.
5.2.1 183H f
A new 7 -decaying isomer has been found in 183Hf, in the 184Hf setting. The statistics 
for this isotope are very low with only 30 ground state ions being observed in the ESR. 
Consequently, one ion only was populated in the isomeric state. This was observed to 
y-decay after ~  25 s (Fig. 5.2). For this isomer there may be some ambiguity in the
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Figure 5.2: The figure shows the only 183mHf event to occur during the experiment. The 
isomer is the ion line at the lower frequency which relates to an energy of 1.464(64) MeV 
(one single ion present). The sudden shift in frequency of the ion at ~  25 s is due to 
the spontaneous 7  decay of the ion. The reference line shows no such sudden shift in 
frequency.
identification. In this region, the 183Hf ions are hydrogen-like so there could be some 
confusion between an isomer in 183Hf and a bare ion of 183Lu. This was dismissed by
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the frequency difference between the proposed isomer and the ground state of 183Hf. The 
difference in frequency was too small to account for the expected variation [95] in mass 
between the two isobars. Furthermore, the frequency change during the injection is only 
compatible with 7  decay. The energy of the isomer has been measured with respect to the 
ground state and measured reference line. However, this proved difficult as the frequency 
region is poorly populated with ions which could be used as reference lines leading to a 
large error. The energy was measured to be 1.464(64) MeV, with a half-life of IOÎ58 s-
5.2.2 184H f
The ESR was set up such that the stochastic cooling was optimised for the isobars with 
A = 184, q = 72+ (bare 184Hf). In online analysis it was possible to view the A  = 184 
isobaric region in real time. An isomer in 184Hf is known from a previous result; a long- 
lived (48(10) s) 7 -decaying AT71" =  8 -  isomer at 1.272(1) MeV [105]. This isomer was 
observed in this data set and was used as a convenient reference line for ion identification. 
A total of 32 184mlHf ions were observed with seven decaying. Out of the decay events 
four were 7 -decay events and three were /?-decay events. This is a bare nucleus so no 
internal conversion event can be observed. The internal conversion for the 555-keV M2 7  
ray seen to depopulate the isomer [105] is low ~  0.1 [54]. A value of 1.264(10) MeV was 
measured in the ESR, which matches within error bars the published result, confirming 
the energy calculating technique. A half-life of llSÎJo s was observed matching the previ­
ously measured 48 s (within 2a). The confirmation of this isomer eliminates the residual 
possibility that the long life-time originally observed was due to a (3~ decaying state from 
a 184Lu parent, ruled out by the restriction to a 72+ charge state.
A second more highly excited isomer has also been observed in the ESR. In total 
20 184m2Hf ions were observed, and on five occasions injection of the following spill was 
delayed so that extended observation of the single ion could be performed (Fig. 5.3). 
In four of the cases, the observed ion was lost from the ESR, at 4, 9, 11, and 18 min. 
The final stopped injection was observed for 27 min with no loss from the ESR before the 
following injection was made. None of the ions were seen to 7 -decay, and all decaying ions 
were lost from the ESR. In total five decays of 184m2Hf were observed in a total of 5010 s 
of observation time, giving a total observed average lifetime of 1002 s. The 194Os result 
for atomic electron pick-up survival lifetime was used. This was corrected for hafnium 
isomers by Z 2 giving an average in ESR hafnium ion lifetime of ~50 min. A half-life for 
the ion could then be evaluated using partial lifetimes. The isomer was found to have an
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excitation energy of 2.477(10) MeV, with a measured half-life of 12ÏJ2 min.
5.2.3 186H f
The ground state of 186Hf has been observed prior to this work [107]. The statistics for 
the A  =  186 isobaric region are poor due to the initial (online) mis-calibration of the 
stochastic cooling and the small production cross section (see Fig. 3.4). However, a high 
lying isomer has been found in the 186Hf isotope, two ions of which have been observed. 
These cannot be 186Lu (or a 186Lu isomer) because of the q = 72+ constraint. The closest 
isobar to this isomer other than 184Hf72+ is 184Ta72+. However, this could not be used as a 
reference line as it was relatively poorly populated and has a low-energy isomer associated 
with it (discussed later). Therefore, for calculation and reference 186W 72+ was used (Fig. 
5.4). The data give a measured excitation energy of 2.968(43) MeV for the isomer. No 
definite life-time was gained for this isomer as neither of the two ions observed decayed, 
and a limit of t i /2 > 20 s is measured. By comparison with 184Hf, it is surprising that a 
lower energy (~1.5 MeV) isomer has not been observed, possibly due to poor statistics 
or an unexpectedly short half-life for the state.
5.2.4 185Ta
In the 190W setting the observation time per injection was set at 30 s, which means unless 
the ions are particularly well cooled the data would be unusable. The A =  185, q = 
72+ region was cooled such that between 10-15 seconds worth of data could be taken. 
Measuring 185Ta72+ with respect to 190Os74+, a number of ions deviated away from the 
frequency of the ground state (Fig. 5.5). These ions circulate at higher frequency than 
185Hf72+ ions, therefore these might be isomeric states in 185Ta. However, the deviation 
between the frequencies of these ions indicated there were possibly two isomeric states. 
Measurements of these ions suggest isomers at 409(38) keV and 725(53) keV. A few ions 
of the lowest energy isomer were also discarded from the data set as it was not obvious 
that these ions were completely cooled (leaving 4 ions in total). It can be difficult to 
distinguish between a 7  decay from ion cooling, therefore it is possible that ions which 
have been labelled as poorly cooled may actually be 7 -decay events (for the lower energy 
isomer). The half-lives for both states cannot be measured as no unambiguous decay 
events have been observed, therefore a ti /2 > 1 0  s has been evaluated for the isomers.
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Figure 5.3: Fig. 5.3a shows three injections into the ESR over a period of ~  25 min. 
These data show three cases where the following injection was delayed, allowing longer 
observation of a prospective isomer. The first two injections show observations of the new 
second isomer. The third shows observation of the lower-energy isomer. In this injection 
two 184mlHf ions were originally injected, however after the first ~  10 s one ion 7  decays 
into the ground state. Two minutes later, the second ion (3 decays and is lost from the 
ESR. This can be seen in more detail in Fig. 5.3b
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Figure 5.4: The figure shows an isomer in 186Hf. Using a 186W ion as reference it is 
possible to observe the frequency difference between the proposed isomer and the ground 
state. The red and blue lines show data from different injections which drift corrected 
using the 186W line as reference.
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Figure 5.5: The figure shows frequency differences between an ion trace and a reference 
line in the ESR. The data are for the 18oTa'2+ region. Two possible states are observed 
in the ESR with frequency differences of ~  7504 and ~  7522. These are two proposed 
isomers in the region. For the ground state each count represents a different ion, whereas 
for the isomeric states all available data are shown.
5.2 .5
An isomer in 186Ta was previously reported prior to this experiment. However, only a 
half-life was acquired and no associated excitation energy measured [108]. In the present 
experiment both (3 and 7  decays have been observed (Fig. 5.6), where previously only 
/1-decay events were measured. The measured half-life of 3 iJ;75 min from this experiment 
is comparable with that of the previously measured value of 1.54(5) min (discussed later). 
Distinguishing the isomeric state from the ground state in 18f,Ta is difficult because of the 
low energy difference between the two states. Use of the single ion criterion and reference 
line technique (discussed earlier) is required. It has been possible to resolve an isomeric 
state from the associated ground state (Fig. 5.7), at an energy of 336(20) keV.
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Figure 5.6: The figure shows the decays of an isomer in 186Ta. The line at ~  58 kHz is 
from 186W '2+ and included for reference. The data start with two ions of the isomer in 
the ESR. After ~  1.4 min, there is a loss from the ESR of one of the ions. It is not seen 
in the 186Ta ground state line and therefore can be attributed to a /Tdecay. Following 
this, around 1.9 min a shift of frequency from the isomeric frequency to the ground state 
frequency occurs, which is attributed to a 7  decay of the isomer.
5.2 .6
A similar two-isomer structure to 184Hf has been observed in 187Ta73+ (Fig. 5.8). 187Ta73+ 
ions were created in both the 190 W and 184Hf ESR settings, but the A = 187 isobaric region 
was not optimised for stochastic cooling and online observation was not performed. This 
lack of optimisation meant that observation time was lessened from ~30 s and min to 
<10 s and ~50 s for the 190W and 184Hf ESR settings respectively. Also, as this region 
was not monitored online the injections were not delayed for observation of candidate 
isomers, however, some results have been obtained. The ground state of 187Ta has been 
observed prior to this [109, 110]. However, its mass and lifetime are not known, and the 
mass is not presented in this thesis. In some of the 187Ta ground state measurements the
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Figure 5.7: The figure shows frequency differences between an ion trace and a reference
line in the ESR. The data are for the 186Ta/2+ (and 186W partial data) region. There is a
strongly populated state at a larger frequency difference than that of the ground state of
186Ta. This is a proposed isomer in 186Ta, Also of note is a ion with a frequency difference
less than that of the 186Ta ground state. It is proposed that this is a known isomer in 
186^
ions were seen to be lost from the ring. The short time scale of these losses rules out the 
possibility of the loss being attributed to electron pick-up. The half-life for the ground 
state was measured to be 2.3(6) min. The lowest-energy isomer was measured with an 
excitation energy of 1.789(13) MeV. In the 181 Hf setting, 17 ions of this isomer were seen. 
Many of these isomers were seen to decay. Some were seen to 7  decay to the ground 
state orbit while others were seen to be lost from the ESR, which has been attributed to 
/3-decay given the short loss time. Also, for 187Ta a second higher-lying isomer has been 
found (Fig. 5.8). The statistics for this particular isomer are extremely poor in the 190W 
setting due to poor cooling of the region. Observation time for the isomer is ~  5 s and 
on many occasions the cooling is not quick enough to see the isomer appear. This effect 
however is not seen in the 184Hf setting with many ions being observed for ~60 s. The
186m ,g-|-g72+
186gw 72+
186m yy72+
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energy of this second higher isomer was measured to be 2.935(14) MeV. In the injections 
only one loss of the ion has been observed and it is ambiguous as to whether this is a 
/3-decay or an atomic electron pick-up event. A half-life limit of A/2 >5 min has been 
determined for this isomer.
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Figure 5.8: The figure shows the measured isomeric structure of both 184Hf and 187Ta. 
The left hand figure shows the isomers in 184Hf, with reference to 184Ta72+. The right 
hand figure shows the isomeric structure of 187Ta73+, with reference to both 18''W73-^  and 
487Re73+
5 .2 .7  188^
188Ta73+ is observed in the 186Hf mass setting at higher orbital frequency. Through analysis 
of the 188Ta mass region it is possible that a ‘relatively fast’ decaying isomeric state has 
been found. A definite identification is hindered by the lack of statistics. By observing the 
188Ta line with respect to the 196p t /6+ line, two out-lying ions can be seen at A c t outside 
the ground state line. The two ions are observed within the first ~ lü  s of the injection 
(in a region that is well cooled). These ions appear to y-decay to the ground state after
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~  10 s (Fig. 5.9). It is possible therefore that the lack of statistics for the isomer is 
due to the ion having decayed whilst being cooled and thus prior to observation. From 
measurement of the two ions an energy of 99(33) keV has been measured, although the 
result is ambiguous as the error on the energy is large enough that the ground state is 
within 3(7 from the proposed energy. As only two ions have been observed to 7  decay, a 
lifetime of £1/2 < 1 0  s is determined for the possible isomeric state.
5.2.8 186w
Prior to this experiment a high energy isomer was known in 186W, with a measured 
excitation energy of 3542.8(21) keV. The half-life however was known only to be > 3 ms 
with an upper limit of 30 s [111]. It is possible that this isomer has been observed in 
the ESR. In Fig. 5.7 there is a count lower in frequency difference to the ground state of 
186Ta, therefore this is less energetic and cannot be a 186Ta ion. This cannot be an isotope 
of 186Re72+ as the frequency difference does not match the mass of this ion. Measuring an 
energy difference between this ion and the 186W ground state gives 3603(78) keV, which 
matches (within error bars) the energy of a known isomer in 186W (E* = 3542.8(21) keV 
[1 1 1 ]). A half-life measurement could not be made accurately for this state but the ion 
seems to be kept in the ESR throughout the length of an injection (60 s). This indicates 
a lifetime of tens seconds or greater if this ion is the isomeric state in 186W.
5.2.9 191Re
A low-lying isomeric state has been found in 191 Re. The statistics for the region are very 
good, however, due to poor cooling only one isomeric state has been observed. The region 
is very poorly cooled taking in some cases around 30 s to cool an injected ion. Due to 
this it is difficult to say definitively whether the observed ion is an isomeric state or a 
ground state ion which has been poorly cooled. Frequency shifts in this region due to 
poor cooling are of similar size and direction to what would be expected in a 7 -decay 
shift of a low-lying isomer. This makes positive identification of an isomer ambiguous. 
However, frequency shifts due to ion cooling take a particular pattern which are subtly 
different from that of a 7 -decay (Fig 5.10a (7 -decay) and Fig. 5.10b (cooling)). If the 
identification of an isomeric state in 191 Re is correct then this isomer would have an energy 
of 115(20) keV and a half-life of £1/2 < 15 s.
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Figure 5.9: Fig 5.9a shows the observed 188Ta line with respect to a 196p t76+ reference 
line. The two ions at lower frequency difference are therefore associated with an isomeric 
state. Fig. 5.9b shows a ‘possible’ 7 -decay event in 188Ta. The disappearance from the 
measurement and subsequent frequency shift are indicative of a 7 -decay event at ^  12 s.
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Figure 5.10: The figure shows events for 191 Re; Fig 5.10a shows a possible 7 -decay event 
and Fig. 5.10b is a typical spectrum for poor cooling in the ESR. In Fig 5.10a the event 
is cooled for the first ~  20 s, the trace then becomes stable as if cooled, before after 
~  35s another shift in frequency which takes the form of a 7 -decay. Fig. 5.10b shows no 
sudden shift in frequency, rather a slow curve towards being cooled. The reference line is 
an ensemble of 191 Os and 191I R 5+  ions.
5.2 Isomer Results 91
5.2 .10  192R e
Using the technique of measuring ions with respect to a reference line enables observation 
of low-lying isomeric states. However, as discussed earlier, for low-lying isomeric states 
it can be difficult to resolve the isomers from the ground states. An example of this can 
be seen in Fig. 5.11. These data are taken for 192Re75+ ions. It can be observed that 
there are many different unresolved states in the ion. However, this is an artefact caused 
by ‘merging’ and poor frequency resolution. By imposing the single ion criterion it can 
be seen that two states can be resolved (Fig. 5.11). One of these is an isomeric state in 
192Re which is seen to q-decay to the ground state (Fig. 5.11). The measured excitation 
energy of this isomeric state is 267(10) keV with a half-life of U/2 = Gl^o s-
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Figure 5.11: Fig. 5.11(a) represents 24 hours of data taken for all 192Re‘5+ ions without 
any discrimination on numbers of ions. Each count corresponds (for a given injection) 
to an observation time of 10 s, sometimes with multiple ions of 192Ref£,+ present in the 
storage ring. It can clearly be seen that there is a distribution of ion frequencies. How­
ever, resolving these into different rn/q values is impossible. Fig. 5.11(b) shows the data 
restricted to single 192Re75+ ions. It can be seen clearly that two peaks have been ob­
served with different frequencies. In the figure the lower frequency peak corresponds to 
the ground state of the ion and the higher frequency peak arises from an isomeric state. 
The black trace represents ions prior to and post 7 -decay events from the isomeric state.
5.2.11 194 R e
From previous spectroscopic studies of the neutron-rich Re isotopes, three /?-decaying 
states have been observed feeding different levels in 194 Os. These three states were ob­
served to have three differing half-lives U/2 — 5(1), 25(8) and 100(10) s [112]. In the
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study it was unclear as to which of the decaying states was the ground state and which 
were isomeric states. These three states have now been observed in the ESR (Fig. 5.12) 
and excitation energies measured (1 ground state ion, 1 first isomer ion and 2 second 
isomer ions). The lower energy isomer has been measured with an energy of 285(40) keV 
whilst the higher energy isomer has an energy of 833(33) keV. It has been impossible to 
connect the isomer to the associated measured lifetime, as neither of the isomers decay 
during the ESR observation. However, the ground state ion decays within 20 s of the 
start of injection, with a total observation time of around 6 s. Therefore, it is likely that 
the ti /2 =  5(1) s measured /^-decaying state is the ground state of 194Re as postulated in 
[112].
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Figure 5.12: The figure shows the isomeric structure of 194Re. Using 194Pt as a reference 
line it is possible to observe three close states around the 194Re frequency region. These 
states correspond to the ground, first and second isomeric states.
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5.2 .12  195Os
A long-living isomer has been postulated in 1950s [113]. However, no evidence for the 
state was found in that work. An isomer has been found in the present work and is seen 
to be more populated than the ground state in the ESR, with 73 isomeric ions and 63 
ground state ions (Fig. 5.13). One isomeric ion was seen to 7 -decay and one ion was lost 
from the ring. The ion loss was around the atomic electron capture ring half-life (raec 
= 31(3) min) ~  18 min so it is possible that this event was an atomic electron capture 
event. In total there was 3910 seconds of observation time, therefore the measure half- 
life is £1/2 =  32^}q4 min, assuming the second event was an atomic electron capture (or 
£ 1 / 2  = lô l j9 min assuming second event was a /Tdecay event). The measured excitation 
energy is 454(10) keV.
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Figure 5.13: The figure shows data for the 1950s region. The data were taken with 
respect to a reference line. It is clear from this that two states are seen in the 190Os 
region. These states are the ground (low frequency difference) and isomeric states (high 
frequency difference).
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5.2.13 195Ir
A possible high energy isomer has been found in 195Ir, in addition to the already known 
100(5) keV 1-qp particle isomer [114]. This is a tentative assignment as only a single 
ion has been observed in the entire data set (Fig. 5.14). During observation of the 
proposed new isomer the ion frequencies wander, possibly due to some cooling effect. It 
might therefore be possible that this ion is just a extremely poorly cooled ground or first 
isomeric state of 195Ir. The ion is not observed to decay and is measured for 21 s, before 
being lost due to the next injection. Gaining an isomeric energy is very difficult as the 
ground and first isomeric state appear as one unresolved peak. Therefore measuring the 
frequency difference between the new isomer and the ground state is difficult. By fitting 
Gaussian peaks to the unresolved peak enables the centroids of the summed peak to be 
found, thus an estimate can be obtained for the frequency difference between the second 
isomer and the ground state. Using the ground state value and 196P t as a reference a value 
of ~19 keV/Hz was found for the region. With this value it was not possible to calculate 
the energy of the first isomeric state correctly. However, a low-lying isomer is known in 
195Pt, and this could be the cause of the inability to measure the known isomeric state 
correctly. Following this an estimate of the energy of the second isomer was obtained, 
1300(400) keV, with a half-life of t i / 2 > 20 s
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Figure 5.14: The figure shows a possible isomeric state in 195Ir. The Fig. 5.14a shows 
one time bin from the Fig 5.14b. Fig. 5.14b shows the evolution of the possible isomeric 
state with time.
Chapter 6
Discussion
Using multi-quasiparticle (MQP) calculations it has been possible to give predictions of 
the quasi-particle states’ spins. These give the total K  value of the isomeric state and 
energy. The calculations themselves were performed using the Nilsson-model for the single 
particle energies coupled with Lipkin-Nogami pairing, which also include calculations for 
blocking and the residual interactions, according to the methodology in Ref. [34,115]. The 
predicted quadrupole £2 and hexadecapole £4  shape parameters were taken from Môller et 
al. [36]. The results given by these calculations seem to give reasonable agreement with 
some of the experimental values found in this work.
6.1 Isomer Structure
6.1.1 183H f
The lightest isomer found was the 7 -decaying 183mHf. For this state the calculations
predict an energetically favoured three-quasiparticle state made up of two-proton and 
one-neutron orbits of 7r2{|[404]; |[514]} <g) z/{y[615]}. This three-quasiparticle state at 
1.712 MeV has a K* — 27/2". This value of 1.712 MeV for the energy of the state is in 
relatively good agreement with the experimentally calculated value of 1.464(64) MeV. The 
extended half-life is assumed to be due to a large difference in K  and/or spin between the 
isomer and the daughter state. In 185W (same neutron number as 183Hf) V. Bondarenko 
et al. [116] show an yrast structure of the l l / 2 +[651] band starting at 197 keV and 
going up to 15/2+ in the rotational band of the configuration. Using the same energies 
for 183Hf, and extending the band, an estimate for the 21/2+ band member is at E* ~  
1360 keV. The isomer is predicted to be 27/2" (from the calculation) and using the
96
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experimental isomer energy (1464 keV), the transition would then be an E3 K-forbidden 
transition of 104 keV, with a Weisskopf 7  ray half-life of ~4.5 s. This value is close 
to the experimental 10-s half-life. However, this is JT—hindered by a five-fold forbidden 
decay. For a modest reduced hindrance of 20, the K-hindrance would be 205 =  3,200,000, 
making the predicted lifetime very much longer than the observed 7 -decay. Therefore the 
decay must pass through intermediate steps to the yrast band. BCS calculation show 
a K* = 19/2+, i/|[512]; <g){7r2|[514]; |[404]} configuration at 1300 keV,and it is possible 
that the decay occurs to a rotational band member, possibly the 21/2+. This would 
proceed through a singly i f —hindered E3 transition of ~  100 keV. It is likely this state 
would subsequently decay to a 19/2+ band member of the 11/2+[651] yrast band with a 
three-fold i f —hindered A E  ~  500 keV Ml transition.
6.1.2 184H f
Using MQP calculations on 184Hf, it is possible to predict the spins and parities of the two 
isomers. The isomer at 1.272(1) MeV has a calculated two-quasiproton { |+ [404]®|~[514]} 
configuration [105] giving i f 71" =  8 “ . This calculation is plausible as this two-quasiparticle 
structure is seen in the lighter hafnium isotopes (Tab. 6.1). The calculated energy for this 
system is 1.241 MeV which is very close to the experimental value of 1.272(1) MeV. In the 
same calculation it is possible to look for states at higher energy which may correspond to 
the second isomeric state. The clear candidate for the second isomer is a four-quasiparticle 
state with the configuration 7r2{ |+ [404]; |  [514]} <g) z/2{ |  [512]; y + [615]}, with a calcu­
lated i f 7r =  15+. The calculated energy for this four-quasiparticle state was 2.369 MeV, 
which matches well with the measured energy of 2.477(10) MeV. W ith this second isomer 
it would be expected that it would 7  decay to a state in the rotational band of the first 
isomer ( if  =  8 _). Using the i f 71" =  8 _ rotational bands observed in 180Hf and 182Hf [117] 
as a guide to the expected rotational levels in the K* = 8 ~, a ~  20 keV, K-forbidden 
E3 transition is estimated for the transition from the i f 71" =  15+ to a 12“ state of the 
i f 71" =  8 “ rotational band via a 7 -decay. This would lead [20] to a partial 7  ray half-life 
that is much greater than the measured value of ~  1 2  min. As this isomer is only seen 
to (5 decay, this 7  ray lifetime is consistent with the lack of observed 7 -decay events. By 
performing additional MQP calculations in the daughter nucleus it is possible to predict 
a /3-decay lifetime using the selection rules set out in Ref. [59]. The most likely state 
for the i f 71" =  15+,7r2{ |+ [404]; |  [514]} <g> z/2{ |  [512]; y +[615]} isomer to ft decay to is a 
state predicted to have a K* = 16~, 7r3{ |+[404]; |  [514]; | + [402]} <g>z/{y+[615]}, with the
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| _ [512] quasi-neutron decaying to the | + [402] quasi-proton, and with changes in asymp­
totic quantum numbers (AQN) of Afi =  1 , A N  = 1 , A n z =  1 and A A =  0 and a decay 
energy of A E  = 2056 keV. This first forbidden /3-decay has a predicted half-life of 5 min 
<  t i /2 <  3 days. This is in agreement with the measured value of ~  12 min.
Table 6.1: 176- 182Hf known 2 qp isomers with AT71" =  8 “ [118, 119, 120, 121]
Ion Energy ( MeV) t l /2
176Hf 1.559 9.9 fis
178Hf 1.1474 4.0 s
180Hf 1.1415 5.47 h
182Hf 1.1730 61.5 m
6.1.3 186H f
For 186Hf, a four-quasiparticle state is calculated at 2.269 MeV, which is tentatively asso­
ciated with the measured isomer at 2.968(43) MeV. The configuration of the 4-qp state is 
K* = 17+, 7r2{ |+ [404]; |  [514]} <g> i/2{ | [503]; y  [615]}. The energy of this state is not 
a particularly good match for the isomeric state. However, the energies of the Nilsson 
single-particle levels are not well known in A =  186 nuclei: This poor knowledge of Nils­
son levels could be causing the underestimate in the calculated energy for the state. The 
ion is not seen to decay in the ESR, therefore there is no knowledge as to whether this 
is a 7  decaying or (3 decaying state. Similar to the 4-qp isomer in 184Hf it is likely that 
the 7  decay partial lifetime for the 186Hf isomer is long. However, without spectroscopic 
knowledge of the isotope it is difficult to make any prediction for the time scale of this. It 
is possible however to predict the (3 decay lifetime. Performing MQP calculations on the 
daughter nucleus it is possible to find the most likely decay state. Assuming in 186mHf 
the original state is K™ = 17+, 7r2{ |+[404]; |  [514]} 0  ^2{ | [503]; y + [615]}, it is likely 
that this would decay to a K* = 16~, 7r3{ |+ [404]; |  [514] ; | + [402]} 0  z/{y+ [615]} state 
in 186Ta ai E  = 1105 keV, with AQN changes of Afi =  1 , A N  = 1, A n z = 0 and AA =  1 
and a decay energy of A E  = 3532 keV from the measured 2.968 MeV isomer. This 
first forbidden /3-decay gives a predicted half-life of 30 s <  t i / 2 < 8  hours. However, the
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calculation for the state was ~700 keV underestimated, therefore with +700 keV added 
to the energy of the daughter state, a decay energy of A S  =  2837 keV would be expected. 
This value for the decay energy gives a predicted /Tdecay half-life of 5 min< + / 2 <4 days, 
which is compatible with the experimental value of > 2 0  s.
6.1.4 185Ta
185Ta has been studied prior to this experiment (Fig. 6.1). Using ENSDF data from exper­
iments with /?-decay studies of 185Hf [122] and reactions on 186W target (186W(polarized 
t, o;)185Ta [123]and 186W (238U,239Np'7 ) [124] a level scheme has been produced (Fig. 6.1). 
In Ref. [123], spins and parities of relatively low angular momentum states were mea­
sured using angular distributions. A 409 keV state with one part of a spin assignment of 
a l /2 +,3 /2 + doublet is proposed as the 409(38) keV state seen in the ESR. An isomer 
has been reported at 409 keV with a half-life of 0.9(3) fis [125]. However, Shizuma et al. 
tentatively assign the isomer to have a 3/2+ configuration. This 3/2+ state however, may 
be almost degenerate with the 1/2+ “band head”. The 1/2+ state would be much longer 
lived as it would have to decay by an M3 transition (rather than E2 from the 3/2+). 
The ESR isomer is tentatively associated with the 1 / 2 + state, even though the implied 
half-life (many seconds) is somewhat longer than expected for a 409 keV M3 transition 
(3.3 x 10""2 s, calculated using Weisskopf estimate values in Ref. [27]). Therefore, either 
the identification of the isomer is not completely explained and the observed ions were 
ground states needing more cooling time, or, the tentative spin parity assignments in [123] 
are incorrect and there is a higher multipolarity 7  ray required, or, there is some added 
hindrance to the decay of the state unaccounted for by the Weisskopf estimate.
For the higher energy isomer at 725 (53) keV; Lane et al. [126] find a 21/2", 17 
ms isomer in 185Ta. This seems to rule out a lower-energy ( 700 keV), longer-lived ~  
19/2"(from MQP calculations), 3-qp isomer in 185Ta. If it existed, then the 21/2" isomer 
would be expected to decay through it, to minimise K-value changes, rather than decaying 
directly to the 9/2 band. An alternative hypothesis is that there is an even higher energy 
isomer in 185W at 2.720(53) MeV, but this is not supported (or disproved) by existing 
Gammasphere data [127], and further data is needed to understand this event in the ESR 
data. Many ground state ions of 185W are observed in the ESR.
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Figure 6.1: The figure shows the known level scheme for 185Ta. Of particular interest is 
the doublet state at 409 keV [128].
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6.1.5 186Ta
The extended lifetime observed for this isomer in the ESR in comparison to the published 
work performed on this isomer, is explained as being due to the inhibition of electron 
conversion due to the hydrogen-like charge state of the ion. The conversion coefficient 
for an E4 transition at 336 keV is ~  1 of which only ~  0.3 is in the atomic K shell
[54], meaning around 30% of all internal transitions are electron conversion. For this 
measurement (assuming that an internal decay will always be charge conserving and 
caught in the ring, i.e. 7 -decay and not e_-conversion) with 8  decays, the 5 7 -decays 
imply 5/8 internal and 3/8 p . Therefore 62.5% of decays are internal decays, and with a 
conversion coefficient of ~  30% the is half-life extended by is ~  20%, giving a measured 
half-life of £ 7 2  ~  2.4 min.
The energy of the isomer in 186 Ta makes it difficult to predict the spin-parity of the 
state. Looking at the calculated 2-qp states in 186Ta (Tab. 6.2), it is possible to think 
of many situations which cause the observed isomerism. For instance the 9+ calculated 
ground state could couple the protons and neutrons configurations in the favoured energy 
state to form a K n = 2+, which from the lowest energy high spin state (for instance 
K™ = 1 0 - ) would form an isomeric state. Another option is that the K* = 1 0 _ is the 
ground state and the isomeric state therefore is a lower spin option such as the K™ = 5“ 
or K* — 2 +. One can think of many different ways to form an isomer using the calculated 
states. W ithout spectroscopic data it is impossible to say with certainty which state is 
the isomeric state. However, there is knowledge of the /^“-decay of the ground state, 
which places the ground state of 186Ta as either a = 2 ~ or 3“ state [27]. The likely 
2 -qp candidates are the; AT71’ =  4“ opposite coupled state, which gives K n = 3“ , or 
K 11 = 5“ opposite coupled state which gives RT7r =  2~. Therefore, the isomeric state must 
be a higher spin quasiparticle configuration. As the isomer is also seen to 7 -decay the 
Weisskopf estimate must be of the order of minutes (either M3 or E4 transition), so a very 
low or high order spin difference (2 <  A <  4) is dismissed. The isomeric state is likely to 
be either a AT7r =  5_ , 6 +,_ or 7~ state. The calculated states which have a suitable energy 
are the; K 17 = 6 ~, E* = 488 keV states, and the K™ = 7~, E* =  227 keV unfavoured 
state. These must also be the lowest energy high spin states. Another option is to have 
another low spin state sitting above the ground state such that higher spin states can 
decay through. For example having the K* = 5+ above the K* = 3“ ground state opens 
up the possibility of having K* = S+~ for the isomer.
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Table 6 .2 : The table shows calculated 2-qp states in 186Ta [34]. The opposite coupled 
states are shown when the low-spin option is produced with parallel intrinsic spins, these 
couplings are the energetically favoured configuration.
K* v state 7T state E* (keV) opposite coupling 
T  Eres 200 keV [112]
9+ 11/2[615] 7/2 [404] 0 .0 0 2 +
1 0 “ 11/2[615] 9/2[514] 124
8 + 11/2[615] 5/2[402] 2 2 1
7" 7/2[503] 7/2 [404] 227 0 "
5" 3/2[512] 7/2 [404] 267 2 ~
8 + 7/2[503] 9/2[514] 352
4“ 1/2[510] 7/2 [404] 364 3"
6 + 3/2 [512] 9/2[514] 392 3+
6 " 7/2[503] 5/2 [402] 449
4~ 3/2[512] 5/2 [402] 487 1 -
5+ 1/2 [510] 9/2[514] 488
3“ 1/2 [510] 5/2 [402] 585
6 + 11/2[615] 1/2[411] 659 5+
8 " 9/2 [505] 7/2 [404] 967
9+ 9/2 [505] 9/2[514] 1092 0 +
6.1.6 187Ta
MQP energy calculations performed for the new isomers found in 187Ta were initially 
found to be enormously different from the experimentally measured values. As with the 
isomer in 186Hf, the Nilsson model did not predict the single paticle levels correctly for 
187Ta. The neutron single particle orbitals are known for the close isobar of 187W and it is 
possible to place the energies of these known neutron orbitals into the calculation for 187Ta. 
Doing this enabled much better agreement between the calculated and measured isomer 
energies. The first isomer was measured as a 1.789(13) MeV state. This is associated with 
a 3-qp state of configuration 7r{9/2_ [514]} 0  z/2{7/2- [503], l l / 2 +[615]} with a calculated 
energy of 1.508 MeV and a K™ = 27/2+. The second higher lying isomer at an energy of 
2.935(14) MeV is a 5-qp state with a configuration 7r3{7/2+[404], 9 /2_ [514], 5/2+[402]} 0  
z/2{9/2~[505], l l / 2 +[615]}, with a calculated energy of 2.710 MeV and a K* = 41/2+
A notable feature of this 187m2Ta isomer is that the half-life (> 5 min) is greater 
than the half-life of the ground state (2.3 min), showing that the broken pair exci­
tation confers an added hindrance to the /3-decay. The decay of the =  41/2+; 
7r3{7/2+[404], 9 /2_ [514], 5/2+[402]} 0  zA{9/2~[505], 11/2+[615]} state would likely /3 de-
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cay to a similar MQP state in 187W, with the configuration
K* = 43/2+; 7r4{7/2+[404], 9 /2_ [514], 5/2+[402], 11/2-[505]}®i/{11/2+[615]}. This would 
be an allowed transition as AQ = 1 , A N  = 0, A n z — 0 and AA =  0, with a decay energy 
of ~  A E  = 4.4 MeV. If the (3 decay were to go via this route it would be expected that 
the lifetime would be t i / 2 — 10 min — 7 days.
6.1.7 188Ta
One of the most exotic nuclei measured in this work was 188Ta. There is much speculation 
about the region of the nuclear chart around 188Ta, in which nuclei are predicted to 
exhibit a sharp change in shape at high angular momentum. Using the ideas presented 
in [129] it is possible to try and explain the existence of this isomeric state as due to a 
phase transitions from oblate to prolate shapes. In potential-energy surface calculations 
performed by F. R. Xu [130], the results show that the ground state of 188Ta is predicted 
to be a 7 -soft prolate shape. However, as angular momentum is added the shape changes 
drastically from 7 -soft prolate to well defined oblate shape. It is possible that this shape 
change causes a long-living isomeric state. Further calculations performed by F. R. Xu 
[131] predict the qp-prolate states similar in energy to the ground state of the nucleus. 
One interpretation is that the observed isomer is a prolate-oblate shape-change isomer. 
However, the predictions also show that it could be a simple spin-trap isomer. Therefore, 
more spectroscopic data are required. Furthermore another isomer is known with a 292- 
keV 7  ray seen in the spectroscopic experiments [61, 109, 132]. This would need to be 
incorporated into any interpretation of the structure of 188Ta.
6.1.8 191Re
191 Re has been studied prior to this experiment with the reaction 192Os(polarised t ,a ) 191Re. 
The study measured spin and parities of the low energy states in the nucleus [133, 134] 
(Tab 6.4). It should therefore be possible to assign a state for the observed isomer. How­
ever, there does not seem to be a state which could become isomeric in the energy ranges 
around the measured isomer. With a measured energy of 115(20) keV, the two obvious 
choices are the states at 97(3) keV and 145(3) keV. Both of these states however, have 
spin assignments which would seem unlikely to form an isomer. It would be expected 
that an E2 transition would go from the 97-keV transition to the ground state and a 
M2 transition from the 145-keV state to the 97-keV state. It is possible that the spin 
assignments are not correct, as in Ref. [133, 134] the spin assignments are not definitive.
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Table 6.3: The table shows calculated 2-qp states in 188Ta [131]. The opposite coupled 
states are shown when the low-spin option is produced with parallel intrinsic spins, these 
couplings are the energetically favoured configuration.
K* v state tt state E* keV opposite coupling 
+  Eres -  200 keV [1 1 2 ]
1 0 - ll/2+[615] 9/2" [514] 0 .0
8 + 7/2" [503] 9/2" [514] 0 .0
7- 7/2“ [503] 7/2+[404] 8 0 -
9+ 9 /2 “ [505] 9/2-[514] 87 0 +
9+ ll/2+[615] 7/2+[404] 89 2 +
8 + l l / 2 +[615] 5/2+[402] 113
6 - 7/2" [503] 5/2+[402] 135
7- 9 /2 “ [505] 5/2+[402] 181 2 “
8 - 9/2" [505] 7/2+[404] 226
6 + 3/2“ [512] 9/2" [514] 345 3+
4- 3/2“ [512] 5/2+[402] 412 1 -
5- 3/2“ [514] 7/2+[404] 511
More spectroscopic data have been gained for this isotope in Refs. [61, 113], however 
no level scheme was produced. The energies of the observed 7  rays in both papers were
135,139,159,226,308,360,419 and 444 keV. It is possible that these can be associated 
with the observed levels known from the (t,a) reaction. A ‘very’ tentative level scheme is 
now produced combining the two data sets (Fig. 6.2). It has been noted that no 97 keV 
7  ray has been observed in the experiment. It is therefore possible that this is the isomer 
observed in the ESR. It is clear therefore that more spectroscopic data are required on 
the nucleus.
6.1.9 192Re
The presence of a long-living isomer at relatively low energy can possibly be explained as 
a spin-trap, where the high-£2 proton and neutron orbitals at the Fermi surface can couple 
to form both high-spin and low-spin states. Calculations [135] show that the ground state 
could be a iC  =  8 + {z/ (11/2+ [615]) 0  tt (5/2+ [402])} state which when coupled in anti­
parallel would give a 3+ state at around 250 keV. Alternatively, other calculations [131] 
show the ground state to be a K* = 2~ {v  (9/2-  [505]) ® tt  (5/2+ [402])} state, and above 
this there are a plethora of high-spin states (Tab. 6.5) which could form a long-living 
isomer.
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Table 6.4: The table shows observed energy levels in 191Re, with measured spin parities 
and half-lives [133].
E* (keV) r *1/2 (min)
0 .0 (3/2+,1/2+) 9.8
27(3)
97(3) (5/2+)
145(3) (9/2-)
227(3) (5/2+,7/2+)
254(3)
264(3)
285(3) (1 1 / 2 -)
299(3)
449(3) (1 / 2 +)
521(3) (5/2+)
550(3)
555(3)
606(3)
622(3)
627(3)
741(3)
758(3)
799(3) (7/2+)
832(3)
858(3) (5/2+)
876(3)
1004(3)
1015(3)
1064(3) (3/2+)
1112(3)
1128(3)
1145(3) (5/2+)
1229(3) (1 1 / 2 -)
1243(3)
1367(6) (1 1 / 2 -)
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Figure 6 .2 : The figure shows a tentative level scheme for 191 Re. The level scheme was 
obtained by combining the experimental data for observed 7  rays [61, 113] and observed 
levels [133, 134]. The 7  rays found matching the energy difference between levels are the
135,139,159,226,308,419 and 444 keV transitions. The observed 360 keV 7  ray could 
not be placed with these levels. The experimentally observed energy levels are those in 
brackets, the non-bracketed numbers are those matched to the observed 7  rays.
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Table 6.5: The table shows calculated 2-qp states in 192Re [131]. The opposite coupled 
states are shown when the low-spin option is produced with parallel intrinsic spins, these 
couplings are the energetically favoured configuration.
K* v state t t  state E* keV opposite coupling
+  Eres ~  2 0 0  keV [1 1 2 ]
7- 9 /2“ [505] 5/2+[402] 0 .0 2 "
6 + 3/2" [512] 9/2-[514] 62 3+
8 + l l / 2 +[615] 5/2+[402] 173
9+ 9/2" [505] 9/2" [514] 177 0 +
1 0 - ll/2+[615] 9/2-[514] 199
5+ 1/2-[510] 9/2" [514] 523
8 + 7/2" [503] 9/2" [514] 597
Another interpretation is that of the coexistence of oblate and prolate shapes. Total 
Routhian surface plots [129] predict that the ground state of the nucleus exhibits a 7 -soft 
but prolate centred shape. However, a small addition of collective angular momentum 
drives the system to a well defined oblate shape, causing isomerism of the oblate state. 
Additional data are required to distinguish between these two types of isomerism.
6.1.10 194Re
Using 7  ray spectroscopy following a p-decay within the active stopper setup with RISING, 
three /^-decaying states were found in 194Re. These exhibited half-lives of 5(1),25(8) and 
100(10) s [112]. The fastest transition (5(1) s) was seen to feed into an excited 0+ state 
in the daughter 194Os. Matching this state to data from the ESR, this lifetime seems to 
fit with the lowest energy state seen observed in 194Re i.e. the ground state. The second 
fastest transition (25(8)) s was seen feeding an 11“ state, and the slowest transition 
(1 0 0 (1 0 ) s) was seen feeding a 6 + state [1 1 2 ]. As discussed earlier no decay was observed 
from the higher energy states measured in the ESR and therefore it has not been possible 
to assign a measured /^-decaying state to an isomer energy measured in the ESR. The 
region of this isotope is a similar region to the 188Ta and 192Re isotopes. It is predicted 
that this is a region of shape change from 7 -soft prolate to well defined oblate [129], and 
as such an oblate deformed ground state has also been proposed for 194Re [136]. A variety 
of low-lying configurations therefore can be considered as possibly forming isomeric states 
and without spectroscopic data it is impossible to assign isomerism to particular states 
(A table of possible states is discussed in Ref. [1 1 2 ]).
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6.1.11 195Os
In Ref. [113] 7  rays are observed and interpreted to feed 13/2+[606] state, which is 
predicted to sit above a neutron 3 /2“ [501] state. As the decay from 13/2+ to 3 /2“ 
requires an E5 transition it is expected that this state is a long-lived isomer. The Weisskopf 
estimate for this is ~  2 x 108 s, much longer than observed. It is therefore expected that 
the long-living isomer is more likely to decay through an intermediate state, which is 
probably a rotational band member of the 3/2“ state. An M4 transition going to a 5 /2“ 
band member at around 70 keV above the ground state, similar to that seen in 193 Os [137] 
might be a possible transition. If it is considered that only 7 -decay events are observed in 
the ESR then it would appear that the isomer ( £ 7 2  =  3 2 + ^  min) is more stable to (3 decay 
than the ground state (ti/ 2 ~  9 min [61]). However, considering (3 decay, the daughter 
state would have to be similar to the 13/2+[606] isomeric state, and an obvious candidate 
for this is the 11/2“ [505] isomer in 195Ir. This would be a first forbidden transition with 
A E  ~  2.5 MeV, giving a /2-decay time of similar order to a 380 keV M4 transition. Given 
this, the loss from the ESR could be a /2-decay event, as it would appear that atomic 
electron capture and predicted /2-decay lifetimes are comparable.
6.1.12 195Ir
From structure calculations its possible that the newly observed isomer in 195Ir is a 3-qp 
state, with either a K* = 33/2“7r{9/2“ [514]} (g) z/2{ 13/2+[606], l l / 2 +[615]} configuration 
calculated at 2090 keV or a iV  =  3 5 / 2 “ 7r{ 11/2“ [505]} 0  zv2{13/2+[606], ll/2+[615]} 
configuration calculated at 2078 keV. However, it would seem unlikely that such states 
could be populated in the reaction as the ground state of 197Au is 3/2+, coming from 
the valance proton. Removing protons from the [Ohll/2] orbital can couple to J=10 and 
therefore give a maximum of 23/2+, the cross section for which would be small [138]. 
Breaking of neutron pairs to fill the z/2{ 13/2+[606], ll/2+[615]} orbits, in such a reaction 
would be unlikely. However, it might be possible that an inelastic scatter of the reaction 
product either in the target or in-flight might break the neutron pair and excite either of 
these 3-qp particle states. The cross-section for such an event would be low. However, 
on average ~  1 0 0  ions per injection are observed of the 1st isomeric and ground states 
in 195Ir. Therefore over the 1.5 days of observation time with injections every 60 s, we 
would expect to have stored ~  2  x 105 ions of the first isomeric and ground state. If the 
higher energy observed event is a 3-qp isomer, the cross-section for creation must be at 
least ~  2  x 1 0 5 less than that of the first isomeric and ground state cross-sections.
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6.2 Final Results
Table 6 .6 : The table shows measured isomeric energies, calculated energies, spins and 
parities, and measured half-lives.
ion #ions E esr (keV) K* t i /2  (decay mode)
1835 JJ£ 30 0 0 ( 3 / 2 - ) 1.07(2) h [95] (/3)
1S3mHf 1 1464(64) 1712 P M 1 0 l 48 s (7 )
184sHf 8 6 0 0 0 + 4.12(5) h [95] p
184m l 32 1264(10) 1241 (8 -) 113Îlo 8 (A 7)
184m 2j££ 2 0 2477(10) 2369 (15+) 1 2 i i°  min (/?)
1865 £J£ 8 0 0 0 + 2.6(12) min [95] (/?)
186m £££ 2 2968(43) 2269 (17+) > 2 0  s
185sTa 106 0 0 ( 7 /2 + ) 49.4(15) min [95] (/?)
185mTa 3 409(38) (V2- ) > 1 0  s (7 )
186»Ta 1 2 0 0 0 (2-, S ')  [27] > 1 0  min (/?)
186mTa 60 336(20) (6 - ,7 - ) CO h
t !■ p)
187»Ta 1 0 2 0 0 ( 7 /2 + ) 2.3(6) min (/?)
187mlTa 17 1789(13) 1508 ( 2 7 / 2 - ) 22(9) s (/),7 )
187m2Ta 9 2935(14) 2710 (4 1 /2 + ) > 5 min {(3)
isssTa 32 0 0 19.6 (20) s [95] (/))
188mTa 2 99(33) < 1 0  s (7 )
1859W > 1 0 0 0 0 (3/2-) 75.1(3) d [95] (/))
185m 1 2720(53) > 1 0  s
1865VV > 1 0 0 0 0 (2-, 3-) [27] stable (/?)
186mW 1 3603(78) (16+) [1 1 1 ] > 1 0  s
1919 Re > 1 0 0 0 0 (3/2+),(l/2+)[l33] 9.8(5) min {(3)
191mRe 1 115(20) < 15 s (7 )
1929 Re > 40 0 0 16(1) s (/?)
192mRe 27 267(10) 61îm s (7 )
1949Re 1 0 0 5(1) s 08) [112]
IMmiRe 1 285(40) 25(8),100(10) s (/?) [112]
194m2Re 2 833(33) 2710 25(8),100(10) s 03) [112]
l9590 s 63 0 0 (3/2-) ~  9 min [95] (f3)
195mOs 73 454(10) ( 1 3 /2 + ) 3 2 li84 min (7 )
1955£r > 1 0 0 0 0 3/2+ 2.5(2) h [95] OS)
195m j r 1 1300(400) > 2 0  s
Chapter 7 
Summary and Future work
7.1 Summary of results
The aim of this experiment was to access neutron-rich exotic isomers; to this end the 
experiment was an outstanding success. Initially the experiment was designed to search 
for predicted long-living isomers in 184>186jj£ iS0 t 0pes [2 0 ] and a possible >  1 s isomer 
in 190W. Operating the ESR in SMS mode it was possible to directly observe isomeric 
and ground states with lifetimes greater than a few seconds. The experiment was set up 
in such a way that many different nuclei were injected into the ESR. This enabled not 
only investigations into the 184>186Hf and 190W isotopes, but also other nuclei around that 
region of the nuclear chart. These isotopes were created using fragmentation of a 197An 
beam on a 9Be target.
Initial online observations pointed to a successful experiment, with 184Hf isomers being 
observed in real time during the run of the experiment, confirming the existence of a 
measured 2-qp long-living isomer and the predicted 4-qp long-living isomer in 184Hf . All 
the other isomers discovered in the experiment were found in offline analysis. The results 
for long-living isomers were found in nuclei with Z  — 72 to Z  = 71 and N  = 111 to 
N  = 120, with lifetimes ranging from seconds to greater than minutes, and excitation 
energies from ~  100 keV to ~  3 MeV.
Some results are for previously known isomers, with the measurements adding to 
experimental knowledge of the state. However, other isomers are completely new discov­
eries. The isomers with some previous experimental data are; 184mlHf, 185»186Ta)186w  and 
m , i94m i,m2 Entirely new discoveries are; 183>184m 2,i86p[^ I8 7 m i,m 2 ,i8 8 q ^  185W, 192Re,
1950 s  and 195Ir. A full list of isomers and measured energies can be found in Tab. 7.1
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The discovered isomers range from nuclei in the well deformed shape region, to those 
thought to be in a region of shape transition where excited states can exist in different 
nuclear shapes from the ground state (188Ta and 192Re). The isomerism in many of 
the isomers observed is caused by K hindrances, spin traps or a combination of both. 
However, it is possible, although unproven, that some isomers may exhibit a shape change 
component in their decay hindrances.
Table 7.1: The table shows excitation energies of all isomers measured in this thesis
ion E e s r  (keV)
183m 1464(64)
184m l y  £ 
184m2 j j £
1264(10)
2477(10)
18 6 m jj£ 2968(43)
185mTa 409(38)
186mTa 336(20)s 
Ê
1
1
00 
00
1789(13)
2935(14)
188mTa 99(33)
185mW 2720(53)
186m ^Y 3603(78)
191mRe 115(20)
192mRe 267(10)
194mlRe
1 9 4 m 2  R g
285(40)
833(33)
195mOs 454(10)
195m 1300(400)
It has been possible to use blocked-BCS with Lipkin-Nogami pairing to predict isomer 
spins and parities. For the high-spin high-energy isomers there are generally very few can- 
diate configurations, this makes interpretation and assignment of the isomeric structure 
easy. However, the low-energy isomers generally have many candiate configurations and 
if there are no spectroscopic data interpretation of the isomeric structure and assignment 
of spins and parities can be difficult.
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7.2 Future work
7.2.1 Mass M easurements
The ESR is an extremely powerful tool in the study of atomic nuclei, and its use in 
the field of mass measurements [64] enables the observation of nuclear structure effects, 
such as shape changes and sub shell closures [139]. A measurement of the nuclear mass 
is a measurement of the sum total of all the interactions within the nucleus [140]. It 
follows therefore that a measurement of mass can be directly related to the structure of 
the nucleus. From these measurements it is possible to gain access to the neutron and 
two-neutron separation energies. These represents the required energy to liberate either 
the last neutron or the last two neutrons from the nucleus. Using the formulas;
TV) -  AT -  1) (7 .1)
and
,%n(Z, AT) =  AT) -  AT -  2) (7 .2 )
where B E  is the binding energy of the nucleus given by;
B E ( Z , AT) =  ( Z . m „) +  (AT - m ») -  M (Z , AT) (7 .3 )
it is possible to calculate these values across an isotopic chain thus observing the structural 
evolution of the element. A change in trend of these values is indicative of a change in 
the structure of the nucleus. An example can be seen in Ref. [139].
Many data have been obtained on new masses in the neutron rich region of the nuclear 
chart below 197Au. These data come from the same experiment as the results presented 
here. The data are still in analysis [141]. The acquired data are expected to yield mass, 
S^n and Sn values for most of the isotopes observed in this work.
7.2.2 Further Storage Ring investigations
The technique for observing long-living isomers in the ESR has been developed through 
investigations using an 197 Au beam (this work) and 238 U [99, 96]. CO FRA calculations 
predict that the use of a 208Pb or 198P t beam should enable access to many more neutron 
rich isotopes (Fig. 7.1). These beams will also allow further study of isotopes discussed 
in this work but with higher statistics, enabling more in-depth study of the isotopes that
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have tentative isomers associated with them. An experiment has been accepted using the 
ESR with a 208Pb beam, to further improve on the results from this work [142].
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Figure 7.1: The figure shows calculated cross-sections using the COFRA code [51]. The 
values are for hafnium isotopes created using different beams in a reaction on a 9Be target.
Furthermore, the development of the Facility for Anti-proton and Ion Research (FAIR), 
will enable greater access to even more currently inaccessible neutron rich isotopes, with 
the so called ‘Super-FRS’ [143], enabling separation of fragmentation products with a 
larger acceptance than the current FRS. The Isomers Lifetimes and Masses (ILIMA) 
[144] collaboration will use the proposed Collector Ring (CR) [145] and New Experimen­
tal Storage Ring (NESR) [146] to investigate masses and isomers far from the valley of 
stability. The CR will be used to measure isotopes in the isochrononous mode (IMS). This 
ring has been funded and is in the start version of the FAIR project. The ions will then 
be injected and electron cooled in the NESR where SMS measurements can take place. 
This ring however is not funded in the start version and is waiting on further funding.
In recent months another proposal has been previsonally accepted with a technical 
design report now under consideration. This is to move the Heidelberg Test Storage Ring
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(TSR) [147] to ISOLDE at CERN [148], which will enable the study of isotopes created 
from an ISOL facility in a storage ring.
7.2.3 Further Spectroscopic Investigations
Neutron-rich nuclei presented in this thesis are inaccessible with fusion-evaporation and 
fission reactions because of low production yields. However, they can be populated 
through fragmentation as shown in this thesis or (to some extent) deep-inelastic reactions 
seen from studies with Gammasphere [126, 149]. Isomer studies at current projectile- 
fragmentation facilities are limited to half-lives of milliseconds or shorter for 7 -ray spec­
troscopy [60, 61, 150]. The further use of deep inelastic reactions could provide a con­
venient tool to access the region. No facility currently exists where reaction products 
from deep inelastic reactions can be separated, identified and associated long-living iso­
mers analysed spectroscopically. However, a recent proposal [151] for an experiment to 
use deep inelastic reactions with the Ion Guide Isotope Separator OnLine (IGISOL) at 
Jyvaskyla has been accepted and is due to take place in 2012. Using an 136Xe beam on a 
heavy target it will be possible to populate and extract reaction products and transport 
them to a measuring station where these can be analysed.
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Projectile fragmentation produces highly charged ions 
which can be selected by the G SI Fragment Separator, 
injected into the Experimental Storage Ring (ESR) and 
electron cooled. A Schottky pickup in the ESR enables 
single-ion identification, with a mass/energy uncertainty 
o f less than 50 keV. This capability has been exploited for 
isomer discoveries. For example, a new isomer at 103+12 
keV in 125Ce has been found with the ESR [1],
W e now report new isomers observed in IS4H f and 
1S7Ta. Figure 1 shows A = 184 (q = 72+) and A = 187 (q = 
73+) spectra selected from a series of injections into the 
ESR, following the fragm entation o f 197Au beam  parti­
cles. lwH f and ls7Ta are each seen to have two isomers, at 
excitation energies of about 1.5 and 2.5 MeV, in addition 
to their ground states and some known isobars.
W hile the first hafnium isomer, 184mlHf, was already 
known [2], with Tm  = 48 s, its confirmation is non-trivial 
since, in the ISOL experiment [2], it could have been con­
fused with 1S4L u p decay. The second isomer, I84m2Hf, is 
observed for the first time, as are both the l87Ta isomers. 
All three new isomers have half-lives o f minutes or 
longer. An im portant feature o f the ESR m ethod is that 
there is no upper-limit on the isomer half-life (in contrast 
to measurements that rely on decay radiations). Further­
more, it is notable that, with bare hafnium (72+) and tan­
talum (73+) ions, there is no am biguity between the iso­
meric states and the less-bound isobars (lutetium and haf­
nium, respectively) since they cannot exist in the required 
charge states.
The excitation energy o f the IS4m2H f isomer matches 
well with the prediction of a sp in-17 four-quasiparticle 
state [3], This gives improved confidence that 186H f and 
lsiT lf will also have long-lived isomers, as predicted [3]. 
The m l and m2 tantalum isomers are interpreted as three- 
and five-quasiparticle states respectively, and their excita­
tion energies agree with model calculations. W e also note 
that the mass and half-life of the l87Ta ground state are 
obtained for the first time. Furthermore, the general qual­
ity o f the data illustrates clearly the well-known feature 
that the Schottky analysis method requires only a single 
unknown ion in the ESR for positive identification, pro­
viding the mass calibration can be established from 
known ions.
With half-lives of minutes or longer, there is a strong 
possibility of P decay from the four- and five-
quasiparticle isomers. Taking into account also their low 
production rates, these isomers probably could not have 
been uniquely identified in any other way than as stored 
bare ions.
Ta ""Ta
73+
ml
ml
3
m2
frequency (kHz)
Figure 1 : Examples of Schottky spectra for A = 184 and 
187 isobars and isomers, for a  variety o f different injec­
tions in the ESR. All the illustrated isom er data corre­
spond to single ions. (The A = 184 and 187 vertical scales 
differ significantly, to accommodate the multiple-ion 
peaks for A = 187 ground states.)
These new data establish that the existence o f long- 
lived hafnium  and tantalum isomers extends well into the 
neutron-rich domain. The data complement y-ray meas­
urements o f shorter-lived A -  190 isomers [4], and open 
up to more detailed study a predicted region [5] o f shape 
instability between well-deformed prolate and oblate col­
lective rotation.
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A study of cooled197 Au projectile-fragmentation products has been performed with a storage ring. This 
has enabled metastable nuclear excitations with energies up to 3 MeV, and half-lives extending to minutes 
or longer, to be identified in the neutron-rich nuclides 183-184.186Hf and 186,I87Ta. The results support the 
prediction of a strongly favored isomer region near neutron number 116.
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Major developments in storage-ring techniques mean 
that the mass of an individual ion can now be measured 
with sufficient accuracy to differentiate not only between 
nuclear isobars with the same mass number, A — N  + Z, 
but also between a nuclear ground state and a metastable 
excited state, known as an isomer [1]. Isomers are found 
with a wide range of half-lives, from less than a nano­
second to more than the age of the Universe, and can have 
excitation energies exceeding 10 MeV. Ever since 
the existence of isomers was first postulated by Soddy 
[2], the relationship between isomers and their ground 
states has not only provided basic nuclear-structure infor­
mation, but has also been a source of conjecture and 
controversy, especially with regard to an isomer’s ability 
to store and release energy [3]. Now, with the research 
frontier addressing the limits of nuclear binding, there is a 
realization that highly excited (>  1 MeV) isomers with 
broken-nucleon-pair configurations can confer extra stabil­
ity [4], at least in the sense that extended half-lives may be 
manifest. This is an important experimental issue since, 
with some of the most sensitive apparatus, longer half-lives 
(>  1 min ) become harder to observe. Such a problem may 
hinder, for example, the identification of the “island of 
stability” of superheavy nuclei [5],
There is a long-standing prediction [6] of an isomer-rich 
landscape for deformed neutron-rich Z == 72 (hafnium)
nuclides, which has been supported by detailed model 
calculations [1,7]. Nevertheless, this domain of heavy, 
neutron-rich nuclei remains largely unexplored. Here, the 
nucleon numbers Z =  72 and N  =  116, with eight neu­
trons more than the heaviest stable isotope, are predicted 
[8] to lead to optimum conditions for the formation of a 
high-spin isomer in 188Hf. This would have two broken 
nucleon pairs, i.e., four quasiparticles, with K 1* =  18+ 
(where K  is the angular momentum projection on the 
nuclear symmetry axis) and an excitation energy of about
2.3 MeV. Such a state is analogous to the renowned K ” =  
16+, 2 4  MeV, 31-yr isomer in 178Hf [9], whose combina­
tion of high spin, high excitation energy, and long half-life 
is so-far unique, leading to unusual experimental possibil­
ities. For example, attempts have been made to release the 
178Hf stored isomer energy by x-ray stimulation [10]. 
Although the initial positive indications have not been 
substantiated [11,12], other isomers of similar character 
might yet provide the necessary conditions. An important 
related issue is that of isomer photodestruction in astro- 
physical environments where nucleosynthesis occurs [13], 
and a better understanding is needed of long-lived isomers 
that lie away from the line of /3-stable nuclides.
Experimentally, steady progress with the discovery 
of new isomers in the neutron-rich Z «  72 region 
has been made with deep-inelastic [14-16] and
0031-9007/10/105(17)/172501(5) 172501-1 © 2010 The American Physical Society
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projectile-fragm entation [17,18] reactions. Projectile frag­
m entation seems to offer the best prospects to extend well 
into the neutron-rich dom ain, but the ability to identify 
excited states in the exotic products has depended upon 
establishing tim e correlations betw een the identified frag­
m ents and their subsequent radioactive decays. This corre­
lation becom es nonviable for half-lives longer than a few 
m illiseconds when y  rays are the detected radiation, ex­
tending to tens o f  seconds w hen (3 particles [19] or con­
version electrons [20] are observed. However, these 
techniques are insensitive to the predicted longer-lived 
isom ers. This Letter now reports on the successful appli­
cation o f  an alternative detection m ethodology w ith no 
half-life upper lim it for isom er identification, whereby 
the projectilelike fragm ents are injected into a  storage 
ring and their m ass m easured. In this way, new long-lived 
hafnium  and tantalum  isom ers have been discovered.
The region o f  heavy, neutron-rich nuclei was accessed 
by the use o f  projectile fragm entation. The prim ary beam  
o f 197Au with intensity up to 5 X 109 partic les/cyc le  was 
accelerated by the U NILAC-SIS facility  at G SI to energies 
o f 478-492A  M eV (dependent on the fragm ent setting) 
and was incident on the production target placed in front 
o f the fragm ent separator (FRS) [21]. The target was 
1035 m g /c m 2 9Be w ith a 221 m g /c m 2 niobium  backing 
for m ore efficient electron stripping. The highly charged 
reaction products, frequently bare ions w ithout atom ic 
electrons, were separated w ith the FRS and injected into 
the experim ental storage ring (ESR) [22]. A 200 /Ain a lu­
m inum  foil installed at the m iddle focal plane o f the FRS 
gave different energy loss A E  for fragm ents with different 
atom ic num bers (A E  ~  Z 2). Thus, exotic fragm ents o f 
interest could be effectively separated from  abundant, 
less-exotic fragm ents and from  the prim ary beam , which 
w ould otherw ise be present in several atom ic charge states. 
M ore details o f  the separation m odes o f the FRS can be 
found in Ref. [21].
The ions injected into the ESR were stochastically and 
electron cooled. The stochastic cooling operates at a fixed 
fragm ent energy o f 400A M eV, and therefore the energy o f 
the prim ary beam  was adjusted so that the investigated 
fragm ents had this energy after the alum inum  foil. The 
m ean circum ference o f  the ESR is 108.4 m and the ions 
circulate w ith a frequency o f about 2 M Hz. The revolution 
frequencies o f  electron-cooled ions depend (to first order) 
only on their m ass-to-charge ratio  [23]. Tim e-resolved 
Schottky m ass spectrom etry [24] has been applied to  m ea­
sure the precise revolution frequencies and intensities o f 
the stored ions. The frequencies are determ ined by a fast 
Fourier transform  (FFT) o f the signals induced by circulat­
ing ions on the dedicated Schottky pickup plates installed 
inside the ring aperture. Typically the 30th harm onic o f the 
revolution frequency is analyzed. For m ore details the 
reader is referred to Refs. [23,24], For the present purposes, 
ions were injected into the ESR once per m inute.
The on-line m onitoring o f  the experim ent w as done with 
a real-tim e spectrum  analyzer (RSA) providing FFT spec­
tra w ith a narrow  bandwidth, while the data were also 
continuously digitized and stored for the off-line, broad­
band FFT analysis. On some occasions, when a candidate 
isom er was observed in the RSA, the next injection was 
m anually delayed until the candidate isom er had decayed 
or was otherw ise lost from  the ring. This enabled longer 
half-lives to be evaluated.
R egarding the identification o f new isom ers, there could 
in general be an am biguity betw een a potential isom er and 
a less-bound isobar in its ground state present in the same 
atom ic charge state. However, by  choosing to observe bare 
Z  =  72 hafnium  ions, for instance, the less-bound isobar o f 
Z  =  71 lutetium  was rigorously excluded. This provided a 
powerful and highly sensitive technique for the identifica­
tion o f  long-lived isom ers and the determ ination o f their 
excitation energies, w ith no half-life upper lim it. Following 
the earlier identification o f  a low -lying (0.1 M eV) isom er in 
125C e [25], this L etter reports the first successful use o f  the 
storage-ring technique for the discovery o f  highly excited, 
long-lived isomers.
A selection o f spectra from  different injections is shown 
in Fig. 1, w here the isom ers can be clearly seen. Each 
spectrum  represents data integrated over a period o f  10 s, 
w hich is sufficient to establish single-ion identifications. 
For the A =  184 isobars, the l84T a72+ ground state pro­
vides a convenient reference frequency, w hich has been 
used in the off-line analysis to m ake corrections for small
23
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FIG. 1 (color online). Examples o f  30th harm onic Schottky 
spectra for A =  184 (left) and 187 (right) isobars and isomers, 
each representing 10 s o f data, with different distributions o f ions 
from different injections in the ESR. The ,84H f and 187Ta 
isomers (m l and m2) and ground states (g) are identified as 
individual bare ions. The ground states o f 184T a72+, 187W 73+, 
and 187Re73"1" are also indicated. The statistical significance o f 
single-ion identifications is 5cr for 10 s o f  observation tim e (as 
illustrated) and greater than 5(7 for the typical 40 s o f observa­
tion per injection. The total numbers o f observed ions are given 
in Table I.
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frequency drifts arising from slow changes in the power 
supplies of the magnets and the electron cooler. 
Correspondingly, for the A = 187 isobars, the 187w73+ 
and I87Re73+ ground states provide reference frequencies. 
From the analysis of many spectra of this kind, isomer 
excitation energies (corresponding to the frequency differ­
ences in Fig. 1) could be determined with an uncertainty 
down to ±10 keV. The detailed results are given in Table I.
The data for 184Hf are discussed first. Krumbholz et al.
[14] had already assigned a long-lived y-decaying K* =  
8“ isomer at 1.272(1) MeV. Our confirmation of an isomer 
at 1.264(10) MeV eliminates the residual possibility that 
the long lifetime originally observed could be due to (3 
decay from a 184Lu parent. This is ruled out by the re­
striction to a 72+ charge state. Furthermore, a second 
184Hf isomer (see Fig. 1) is now observed, with an excita­
tion energy o f2.477(10) MeV. On five occasions, following 
on-line observation of a single bare ion of this isomer, the 
subsequent injection into the ESR was blocked, and the 
survival of the ion was monitored. In four cases, the ion 
was lost from the ESR after some minutes (4, 9, 11, and 
18 min), and in the other case it survived for 27 min before 
the following injection was made. The principal loss mode 
for stable bare ions is electron pickup from the cooler, and 
the estimated average time for this to happen to bare 
hafnium ions is 50(9) min, for the applied cooler current 
of 250 mA. This estimate was obtained by observing the 
loss of bare ions of 194Ir during the same experiment, and 
scaling the loss rate with Z2. Accordingly, most of the 
observed 184m2Hf losses can be attributed to (3 decay, rather 
than atomic electron capture. Taking into account that 15 
additional ions were observed for 1 min each, with one
week ending 
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being lost from the ring, there were just five losses during
1.4 h of observation time, and the nuclear decay mean life 
can thus be estimated to be 24 min. After correcting for a 
Lorentz factor of 1.4, =  lit™  min is obtained. (The
uncertainties are evaluated according to the method given 
by Schmidt et al. [28].)
The remaining data have been analyzed in a similar 
manner, although extended observations were not made 
for the other isomers. Isomer-to-ground-state transitions 
were observed from the first isomers of 183-184Hf and 
186.187^ implying y-ray emission. An example of this is 
illustrated in Fig. 2, where it is seen that the trace corre­
sponding to a single bare ion of 187mlTa terminates at 
7  =  48 s and is replaced by a trace corresponding to 
187gTa. Only y-ray emission(s) can give this behavior. 
Note that electron conversion is impossible from bare 
ions, and the neutral atoms are therefore likely to be shorter 
lived [26]. The detailed findings are given in Table I, 
where, of the seven isomers listed, only the first isomers 
o f 184Hf and 186Ta had previously been reported [14,27]. In 
the latter case, the excitation energy was unknown. It has 
now been determined as 0.336(20) MeV, and we also find 
y-decay events in addition to the reported decay [27]. 
The most exotic nuclide in which an isomer has been 
identified in the present work is 186Hf, where only two 
ions of the isomer were observed. Confirmation of this 
isomer, and the possibility to observe 188Hf and its iso­
meric states, requires a beam that is more neutron rich than 
197 Au, such as 208Pb, as planned for a future experiment.
The theoretical understanding of the new isomers is 
based on the calculation of multiquasiparticle states, using 
Nilsson-model single-particle energies and Lipkin-Nogami
P H Y S IC A L  RE V IE W  L ET T E RS
TABLE I. Hafnium and tantalum isomers and ground states.
Ion (q) Level No. of ions Eesr (MeV) Ecaic (MeV) Tin Decay mode
183Hf g 30 0 0 3/2" 1.07(2) hb P
(71+) m 1 1.464(64) 1.712 27/2" 10+48 s y
184Hf g 86 0 0 0+ 4.12(5) hb P
(72+) ml 32 1.264(10)' 1.241 8" H 3l74s' P, y
m2 20 2.477(10) 2.369 15+ 12t}° m P
186Hf g 8 0 0 0+ 26(12) mb P
(72+) m 2 2.968(43) 2269 17+ >20 s
186Ta 8 120 0 >10 sd P
(72+) ml 60 0.336(20) 3.4Î2;4 me P , y
187Ta g 102 0 0 7/2+ 23(6) m P
(73+) ml 17 1.789(13) 1.508f 27/2" 22(9)s P , y
m2 9 2.935(14) 2710f 41/2+ >5 m
“Literature half-lives are for neutral atoms. The present values for isomers will be longer, 
because internal conversion is hindered or absent [26]. 
bFrom Audi et al. [9].
“Consistent with previously measured 1.272(1) MeV and 48(10) s for the neutral atom [9,14], 
after correcting for internal conversion.
^Compare 10.5(3) m from Audi et at. [9].
“Compare 1.54(5) m reported for the neutral atom [27]. 
fAfter adjustment of Nilsson levels to reproduce l87W (see text).
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FIG. 2 (color online). Time evolution o f A =  187, q =  73 +  
Schottky spectra for a  single injection in the ESR with 4.4 s 
binning. D uring the early times there is cooling. The left-hand 
vertical trace (m) is for a  single bare ion o f the first isomer o f 187Ta. 
After 48 s it y  decays, represented by a sudden increase in 
frequency, to the 187Ta ground state (g). The two uninterrupted 
vertical traces are for the 187 W  a n d 187Re ground states (cf. Fig. 1 ).
pairing, including blocking and residual interactions, ac­
cording to the m ethodology o f Refs. [29,30] with standard 
param eters. The predicted quadrupole e2 and hexadeca- 
pole e4 shape param eters were taken from M oller e t al.
[31]. For 184H f, the K ” =  8~ isom er a t 1.272(1) M eV 
alm ost certainly has a tw o-quasiproton [ 7 /2 +[404] ® 
9 /2 “ [514]} configuration [14] (consistent w ith the lighter 
even-even hafnium  isotopes). This is close to the calculated 
energy o f  1.241 M eV for that configuration. The clear 
candidate for the second 184H f isom er is a four- 
quasiparticle K *  =  15+ state with the configuration 
^ { 7 /2 + [4 0 4 ] ,9 /2 " [5 1 4 ]}®  zA (3/2-[512], l l / 2 + [615]}, 
calculated at 2.369 MeV, w hich m atches w ell w ith the 
m easured energy o f 2.477(10) MeV.
In addition, the decay properties support this interpreta­
tion. The K v =  15+ isom er m ight be expected to y  decay 
to a m em ber o f  the rotational band built on the K ”  =  8 “ 
isomer. Using as a guide the energy spacings in the K n =  
8~ bands observed in 180H f and 182H f [15], a  —20 keV, 
/(-forbidden £ 3  transition is estim ated for the y  decay o f 
the higher isom er in 184Hf. This would lead [8] to a partial 
y  ray half-life that is m uch greater than the m easured value 
o f 12 min, consistent with the lack o f observed y-decay 
events. The m easured half-life com es from y3 decays to 
high-spin states in l84Ta.
S im ilar considerations can be used to explain the other 
newly observed isom ers. For 183H f the calculations predict 
an energetically favored K * =  2 7 / 2 \  7r2{ 7 /2 + [404], 
9 /2~ [514]}®  p{l l / 2 + [615]}, three-quasiparticle state at 
1.712 MeV, in reasonable agreem ent with the m easured 
isom er at 1.464(64) MeV. For 187Ta, a good understanding 
o f the isom ers requires adjustm ent o f  the N ilsson energies 
to better m atch the known neutron levels in 187W  [32]. The
calculations then favor a =  4 1 /2 + , five-quasiparticle 
assignm ent for the upper isomer, w ith the configuration 
^ { 7 /2 + [4 0 4 ] ,  9 /2 -[5 1 4 ], 5 /2 +[402]} ® ^ { 9 / 2 "  [505], 
11 /2 + [615]}. The calculated excitation energy o f 
2.710 M eV  is com parable to the experim ental value o f 
2.935(14) MeV. A notable feature is that this isom er is 
longer lived ( >  5 m in ) than the ground state (2.3 min). 
The low er isom er at 1.789(13) M eV  can be associated with 
a calculated K ” =  2 7 /2 + , T r[9 /2 -[5 l4 ]]^ [7 /2 ~ [5 O 3 ] , 
l l / 2 + [615]} three-quasiparticle state at 1.508 MeV. 
For 186H f, a K ” =  17+ , ^ { 7 /2 + [4 0 4 ] ,  9 /2 '[5 1 4 ]} ®  
r'2{ 7 /2 _ [503], 11 /2"[615 ]}  four-quasiparticle state is ca l­
culated at 2.269 M eV  (w ithout N ilsson energy adjustm ent), 
w hich is tentatively associated with the m easured isom er at 
2.968(43) MeV. Finally, for 186T a there are several two- 
quasiparticle states that are close in energy and could lead 
to isom er form ation, but there is insufficient inform ation to 
distinguish betw een the possibilities. Overall, it is found 
that the calculations provide an essential guide fo r in ter­
preting the m ultiquasiparticle isom er configurations and 
excitation energies. N evertheless, further w ork is needed to 
understand the details o f  the single-particle energies, es­
pecially as the addition o f  further neutrons m ay lead to 
substantial shape changes [33].
In summary, storage-ring experim ents have revealed 
highly excited, long-lived isom ers in the neutron-rich A  ~  
180-190 region o f  deform ed nuclei, supporting earlier 
predictions. Now that the energies and half-lives are 
known, the way is open for the experim ental design o f 
detailed spectroscopic m easurem ents.
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A b s tr a c t . A  recent experiment using projectile fragmentation o f a  197A u beam on a 9Be 
target, combined with the fragment recoil separator and experim ental storage ring at ring at 
GSI, has uncovered an isomeric state in 192Re at 267(10) keV with a half-life of ~ 6 0  s. The 
data analysis technique used to  resolve th e  isomeric state from the ground state is discussed.
1 . I n t r o d u c t i o n
G ain ing  access to  n eu tron -rich  long-living isom ers p resen ts an  experim en ta l challenge. For
isom ers fa r from  th e  line of s ta b ility  on  th e  n eu tron -rich  side, m eth o d s such as deep-inelastic or
fusion-evaporation  reactions are  lim ited , as cross sections for n eu tron -rich  nuclei decrease rap id ly
once th e  line of s tab ility  has been  left. P ro jec tile  frag m en ta tio n  provides a  convenient too l to
A .l First Author Papers 133
reach  th e  iso topes w hich are  o therw ise unavailable by  th e  m ore conventional reactions. P ro jec tile  
fragm en ta tion  in  com bination  w ith  in-flight fragm ent sep ara tio n  [1] h as enab led  m icrosecond
know n from  w ork w ith  th e  R IS IN G  a rra y  a t  G SI [2]. In  th a t  w ork a  160 keV  7 -ray  w as seen 
w ith  a  half-life of 1 2 0 ^ °  /zs. I t  w as suggested  th a t  th is  7 - ray  does n o t d ep o p u la te  th e  isom er 
d irec tly  b u t  is p a r t  of a  cascade w hich occurs a fte r a  low-energy M l tran sitio n  w hich is th e  cause 
th e  ex tended  lifetim e [3]. T h is  techn ique for de tec tio n  of isom ers is insensitive to  7 -decaying 
s ta te s  w ith  half-lives g rea te r th a n  a  few m illiseconds. However, recen tly  h ighly-excited  isom eric 
s ta te s  in  th e  A  % 180 — 190 region have b een  found  using  th e  F ragm en t Recoil S ep a ra to r  (FR S) 
an d  E x p erim en ta l S to rage R ing  (ESR ) a t  G SI [4]. T h e  E S R  enables d irec t m easu rem en t of th e  
isom eric s ta te  w ith o u t requ iring  its  decay to  b e  observed. B uild ing  on earlier w ork  [5], de ta iled  
analysis has now been  em ployed to  reveal low er-energy long-living isom ers w hich in  general are  
h a rd e r to  observe in  th e  sto rage  ring . T h e  physics m o tivation  is to  u n d e rs ta n d  th e  neu tro n -rich  
A  «  190 sh a p e  tra n s itio n  region [6 ],
2 . E x p e r im e n t
P ro je c tile  fragm en ta tion  w as em ployed to  access th e  A  to 190 region. T h is  w as perform ed  
using  th e  coupled  accelerato r sys tem  a t  G SI (th e  U N ILA C an d  SIS 18). A 197A u  b eam  w as 
p ro duced  w ith  energies of 478 — 492 A-M eV an d  im pinged  on  a  1035 m g /c m 2 9B e ta rg e t. T h e  
subsequen t fragm ents w ere th e n  se p a ra te d  using  th e  F R S  [7]. T h e  fragm ents p ro d u ced  in  th e  
reaction  w ere in  general of a  h igh  charge s ta te  (bare, hydrogen-like, helium -like a n d  Li-like) an d  
w ere se p a ra te d  using  th e  Bp-AE-Bp  m e th o d  [1] w ith  a  200 /zm a lum in ium  p la te  in sta lled  a t  
th e  deg rader position  to  enab le  Z  se lection (Z2 ~  AE).  T hese  ions a fte r se p ara tio n  w ere th en  
in jec ted  in to  th e  ESR .
O nce in jec ted  in to  th e  E S R  th e  circu la ting  ions requ ire  cooling so th a t  a  h igh-reso lu tion  
frequency sp e c tru m  can  be  p rodu ced . S to red  ions in th e  E S R  obey (to  th e  first ap p rox im ation ) 
th e  equation  [8 ];
w here ap is th e  ‘m om en tum  com paction  fac to r’ an d  is depen d en t on  th e  p a th  leng th  an d  m agnetic  
rig id ity  (Bp), f  is th e  revo lu tion  frequency, ^  is th e  m ass to  charge ra tio  of th e  s to red  ion, v  is 
th e  velocity of th e  ion, 7  is th e  L orentz facto r an d  74 is th e  tra n s itio n  p o in t for th e  E S R  defined 
by 7? — ^  [9]- B y  cooling th e  ions th e  velocity  o f th e  sto red  ions is reduced  from  ^  ~  10~ 2
m easurem ent of th e  revolu tion  frequency of a  s to red  ion th u s  becom es a  m easu rem en t o f th e  
m ass to  charge ra tio  of th a t  ion. Cooling is p erfo rm ed  by tw o m ethods; e lectron  cooling [10] 
a n d  stochastic  cooling . [11]. S tochastic  cooling is used  a t  a  fixed energy 400 A-MeV. T herefore, 
for each se ttin g  th e  energy gained  from  th e  SIS p rim a ry  b eam  was ad ju s te d  so as to  fix th e  
fragm ent energy to  400 A-M eV a fte r th e  a lum in ium  degrader. T h e  ions once in jec ted  in to  
th e  ring  c ircu late  w ith  a  frequency of ~  2 M H z aro u n d  th e  108.4 m  circum ference. M easuring  
revo lu tion  frequencies a t  th e  30 th  harm on ic  allowed a  fast F ourier tran sfo rm  (F F T ) to  b e  app lied  
to  th e  d a ta  an d  so ion frequencies could  b e  ex tra c te d  [12, 13]. M asses of trav ers in g  ions could 
th e n  b e  determ ined  from  th e  d a ta  w ith  very h igh  precision, so as to  resolve th e  difference in  m ass 
betw een g round  an d  isom eric s ta te s . T h is  techn ique is know n as tim e-resolved S cho ttky  M ass 
S p ec tro m etry  (SM S), w hich re la tes th e  m ass to  charge ra tio  (m /q ) of an  ion to  its  revo lu tion  
frequency [8 ].
isom ers to  be  found som e d istan ce  from  th e  line of stab ility . In  ^ R e  a  m icrosecond isom er is
(1)
t °  7 T ^  10 7 • T h is  m akes th e  second te rm  th a t  is p ro p o rtio n a l A u  of E q . 1 te n d  to  zero. A
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3. D a ta  A nalysis
The primary objective of the experiment was to search for predicted isomers in the 19 0W, 184Hf 
and 186Hf nuclides [4], However, in the data, other nuclides were produced which could also be 
studied, some of which have already been reported [4]. In that work, the standard operational 
mode was to inject ions approximately once per minute, and to empty the ESR before each 
injection. However, when a specific candidate isomer was produced (and seen online) the 
subsequent injection was delayed so as to observe the decay of the candidate isomer. Other 
ions were not monitored online and hence in general it is unlikely that when a candidate isomer 
is produced it would be in an extended injection. Hence ions with half-lives t i. > I min are 
unlikely to yield information about their half-lives. There is also the problem of the cooling of 
the secondary isotopes. The experiment was setup such tha t stochastic cooling was optimised 
for the primary isotope. This means the cooling time for the secondary isotopes is significantly 
longer. This slow cooling limits the observation time of a secondary ion. If an ion for instance 
has t i  ~  10 s and is well cooled it is likely to be seen. However, if that ion is poorly cooled it is 
possible it will have decayed prior to being observed in the storage ring. Effective investigation 
of these secondary ions therefore can become difficult. To gain adequate time resolution for such 
an investigation requires that the frequency resolution is low. This can cause a problem as low 
frequency resolution (9.76 Hz/bin with ~  16 keV/Hz) can make it difficult to observe ions with 
a similar ^  value i.e. low-lying isomers. There is also the problem of beam crystallisation which 
can cause what seems like ‘merging’ of the beam-ions when revolution frequencies arc similar 
[13]. This can cause ambiguity in the identification and make analysis of the isomers impossible.
To avoid the problems of poor frequency resolution and beam crystallisation, a criterion 
is imposed on the data, tha t within a certain frequency range around the region of interest 
a measurement is only accepted when a single ion is measured. Thus the problems of poor 
frequency resolution and beam crystallisation are eliminated. However, with this technique it
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Frequency difference from 1920 s 75+ (Hz)
[b]
Figure 1: Figure l[a] represents 24 hours of data taken for all 1 9 2R e'5+ ions without any 
discrimination on numbers of ions. Each count corresponds (for a given injection) to an 
observation time of 10 s, sometimes with multiple ions of 192Re75+ present in the storage ring. 
It can clearly be seen that there is a distribution of ion frequencies. However, resolving these 
into different y  values is impossible. Figure l[b] shows the data restricted to single 19 2Rc75+ 
ions. It can be seen clearly that two peaks have been observed with different frequencies. In 
the figure the lower frequency peak corresponds to the ground state of the ion and the higher 
frequency peak arises from an isomeric state. The bold trace represents ions prior to and post 
7 -decay events from the isomeric state.
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Figure 2: The Figure shows a 7 -decay event in 192Re, corresponding to the shift in frequency at 
~  40 s after injection. Following the 7 -decay of the isomer, the ground state ultimately (3 decays 
after ~16 s (seen by a disappearence of the ion trace). The frequency measured on the horizontal 
axis is the difference in frequency from a local oscillator set at 59.15 MHz. The highest line in 
frequency comes from a mixture of 1929 .mi,7n2 jr> tj ie next js a 2MeV isomer in 192Os which 
subsequently (3 decays. The lowest line in frequency is the 192m SRe line (51.47-51.49 kHz).
can still be difficult to distinguish the ground state from a low-lying isomeric state. To further 
improve the identification, a reference line is chosen close to the frequency region of interest, and 
the difference in frequency is measured between this reference line and the unknown single ion. 
Collating these data for 1 9 2Re75+ ions, it is seen that two Gaussian peaks appear at different 
relative frequencies, and these indicate the ground and isomeric states of tha t ion (fig. 1). This 
method benefits from good statistics of both the isomer and the ground state, so as to achieve 
confident identification and accurate energy measurements. In figure lb  it can clearly be seen 
that there is a low-lying isomeric state in 1 92Re, at an energy of 267(10) keV. This isomer is 
also seen to 7 -decay. In the ESR a 7 -decay is observed as a sudden shift in the frequency of 
the ion trace from the frequency of the isomer to that of the ground state (see Fig. 2). For a 
single-ion 7 -decay in the storage ring, this kind of sudden shift in frequency has been observed 
prior to this analysis in 18,mlTa [4], In the present work the 192mRc single-ion isomer has been 
seen to 7 -decay 7 times. The observation time for this ion (per injection) was reduced as this 
is in a region of relatively poor cooling and so an ion could in general only be viewed for ~  55s 
during each ~  70s injection. Analysis of the measured isomeric ions gives a Lorentz-correeted 
half-life for the isomer of t \  =  G P ^s. This was determined by counting the total unambiguous
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tim e  th a t  th e  single ions w ere observed in  th e  E SR . E rro rs  w ere analysed  using  th e  techn iques 
in Ref. [14].
4 .  D i s c u s s io n
T h e  presences of a  long-living isom er a t  re latively  low energy can  possib ly  b e  exp lained  by  as 
a  sp in -trap , w here th e  h igh -fî p ro to n  an d  n e u tro n  o rb ita ls  a t  th e  Ferm i surface can  couple to  
form  b o th  h igh-sp in  an d  low -spin s ta te s . C alcu la tions [15] show th a t  th e  g ro u n d  s ta te  could be 
a  K*  =  8+ |iv [615] j  <8> vr ^ |+ [402] j  j  s ta te  w hich w hen  coupled  an ti-para lle l w ould give a  
3+ s ta te  a t  a ro u n d  250 keY. A lternatively , o th e r  calcu lations [16] show th e  g ro u n d  s ta te  to  be  
a  K* = 2~ |z v  [505] j  ®  t t  ^ | +  [402] j  j  s ta te  a n d  th a t  th e re  a re  a  p le th o ra  of h igh-sp in  s ta te s  
a t  ~  200 keV  level. In  b o th  calculations, th e re  could  b e  long-lived isom eric s ta te s .
A n o th er in te rp re ta tio n  is th a t  of th e  coexistence o f ob la te  an d  p ro la te  shapes. T o ta l R o u th ian  
surface p lo ts [17] p red ic t th a t  th e  g round  s ta te  of th e  nucleus exh ib its a  7 -soft b u t  p ro la te  shape. 
However, a  sm all ad d itio n  of collective ang u la r m om en tum  drives th e  system  to  a  well defined 
o b la te  shape. A dd itio n a l d a ta  are  requ ired  to  d istingu ish  betw een these  tw o ty p es of isom erism .
5 . S u m m a r y
A  low-lying isom er in  192R e has been  discovered th ro u g h  th e  use o f p ro jec tile  fragm en ta tion . 
T h e  re la tive  m asses o f th e  p rod u ced  fragm ents were m easured  w ith  accuracies dow n to  10 keV 
w ith  th e  E SR . T h e  sto rag e  ring  is pow erful in its  ab ility  to  resolve nuclear isom eric s ta te s  from  
th e  corresponding  g round  s ta te s . W hen  m any  192R e fragm ents w ere sto red  in  th e  ring  d u rin g  
a  single in jection  a n  am bigu ity  in  th e  iden tifica tion  of b o th  g round  an d  isom eric s ta te s  was 
caused (Fig la ) .  B y app ly ing  th e  crite rion  th a t  only  single-ion m easu rem en ts w ere accepted , 
th is  am bigu ity  w as rem oved an d  th u s  th e  g round  an d  isom eric s ta te s  could  b e  resolved (F ig .lb ) . 
T h e  energy an d  half-life have been  m easured  as E* =  267(10) keV an d  t i  =  ô l j^ o  s -
F u tu re  w ork of th is  k in d  w ith  th e  E S R  aim s to  iden tify  h igh-lying isom ers in  188Hf, w hich are  
p red ic ted  [6 ] to  b e  p articu la rly  favoured in  energy. F u rtherm ore , w ith  th e  ILIM A  sto rage  rings 
a t FA IR  i t  will b e  possib le to  reach  th e  as trophysical r-process p a th  for these  high-Z  values.
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